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14.  ABSTRACT  EGFR  and  HER2  are  overexpressed  in  20%  and  30%  of  invasive  breast  cancer,  respectively,  and  are  associated  with 
aggressive  tumor  subtypes  and  shortened  patient  survival.  Both  receptors  are  important  targets  of  breast  cancer  therapy.  However, 
despite  the  apparent  promise  of  some  of  these  therapies,  EGFR-  and  HER2-based  monotherapy  and  combination  regimens  have 
serious  limitations  and  need  improvement.  The  goal  of  this  study  is,  thus,  to  gain  insights  into  the  biology  of  EGFR-  and  HER2- 
expressing  invasive  breast  cancer  in  order  to  provide  rationales  for  more  effective  EGFR-  and  HER2-based  combination  therapy  for 
women  with  breast  cancer.  Our  proposal  is  built  on  novel  significant  findings  made  from  the  initial  Idea  Award.  We  discovered  that 
proapoptotic  PUMA  protein  is  highly  expressed  in  the  breast  cancer  cell  lines  and  patient  tumors  that  overexpress  HER2  and/or 
EGFR.  In  addition  to  co-expression,  we  found  HER2  and  EGFR  to  interact  with  PUMA  constitutively  and  under  the  treatment  of 
apoptosis  inducers.  The  HER2-PUMA  and  EGFR-PUMA  interactions  are  not  disrupted  when  breast  cancer  cells  are  treated  with  the 
EGFR  kinase  inhibitors,  indicating  a  kinase-independent  interaction.  Despite  the  fact  that  PUMA  has  been  reported  to  be  primarily 
located  on  the  mitochondrial  membranes  and  initiate  apoptosis  upon  appropriate  stress,  our  results  showed  PUMA  to  be  sequestered 
in  the  cytoplasm  of  EGFR-expressing  breast  cancer  cells.  Although,  the  BH3-only  proapoptotic  proteins  can  be  functionally 
redundant,  we  observed  PUMA  to  be  essential  for  apoptotic  induction  in  breast  cancer  cells.  Interestingly,  while  no  reports  have 
investigated  PUMA  phosphorylation,  our  preliminary  results  show  that  PUMA  undergoes  tyrosine  phosphorylation  mediated  by  HER2 
and  EGFR.  These  exiting  preliminary  observations  suggest  that  EGFR  and  HER2  may  modulate  PUMA  via  two  modes  of  actions:  (i) 
interacting  with  PUMA  to  prevent  PUMA  mitochondrial  translocalization  in  a  kinase-independent  fashion,  and  (ii)  phosphorylating 
PUMA  to  affect  its  functionality  in  a  kinase-dependent  phosphorylation.  Our  hypothesis  is  that  the  EGFR-PUMA  and  HER2-PUMA 
signaling  crosstalks  modulate  PUMA-mediated  apoptotic  pathway  and  cellular  functions  of  EGFR  and  HER2,  together  contributing  to 
the  aggressive  behavior  of  invasive  breast  cancer.  Based  on  this,  we  postulate  that  restoring  intrinsic  apoptosis  will  sensitize  breast 
cancer  to  EGFR-  and  HER2-targeted  therapy.  Specific  Aims  are  (1)  Characterize  EGFR-PUMA  and  HER2-PUMA  crosstalks  in  breast 
cancer  overexpressing  EGFR  and/or  HER2.  (2)  Investigate  the  biological  consequence(s)  of  the  phosphorylation  of  PUMA  by  EGFR 
and  HER2  in  breast  cancer.  (3)  Determine  the  extent  to  which  PUMA’s  apoptotic  function  is  associated  with  breast  cancer  response  to 
EGFR-  and  HER2-targeted  therapy.  The  project  sheds  light  on  the  malignant  phenotype  of  aggressive  breast  cancer  that  overexpress 
HER2  and/or  EGFR  which  constitutes  approximately  half  of  invasive  breast  cancer  and  could  also  provide  rationales  for  new  more 
effective  therapy  for  women  with  aggressive  subtypes  of  breast  cancer. 
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EGFR  and  HER2  are  overexpressed  in  20%  and  30%  of  invasive  breast  cancer,  respectively,  and  are 
associated  with  aggressive  tumor  subtypes  and  shortened  patient  survival.  Both  receptors  are  important 
targets  of  breast  cancer  therapy.  However,  despite  the  apparent  promise  of  some  of  these  therapies,  EGFR- 
and  HER2-based  monotherapy  and  combination  regimens  have  serious  limitations  and  need  improvement. 
The  goal  of  this  study  is,  thus,  to  gain  insights  into  the  biology  of  EGFR-  and  HER2-expressing  invasive 
breast  cancer  in  order  to  provide  rationales  for  more  effective  EGFR-  and  HER2-based  combination  therapy 
for  women  with  breast  cancer.  Our  proposal  is  built  on  novel  significant  findings  made  from  the  initial  Idea 
Award.  We  discovered  that  proapoptotic  PUMA  protein  is  highly  expressed  in  the  breast  cancer  cell  lines 
and  patient  tumors  that  overexpress  HER2  and/or  EGFR.  In  addition  to  co-expression,  we  found  HER2  and 
EGFR  to  interact  with  PUMA  constitutively  and  under  the  treatment  of  apoptosis  inducers.  The  HER2- 
PUMA  and  EGFR-PUMA  interactions  are  not  disrupted  when  breast  cancer  cells  are  treated  with  the  EGFR 
kinase  inhibitors,  indicating  a  kinase-independent  interaction.  Despite  the  fact  that  PUMA  has  been  reported 
to  be  primarily  located  on  the  mitochondrial  membranes  and  initiate  apoptosis  upon  appropriate  stress,  our 
results  showed  PUMA  to  be  sequestered  in  the  cytoplasm  of  EGFR-expressing  breast  cancer  cells. 
Although,  the  BH3-only  proapoptotic  proteins  can  be  functionally  redundant,  we  observed  PUMA  to  be 
essential  for  apoptotic  induction  in  breast  cancer  cells.  Interestingly,  while  no  reports  have  investigated 
PUMA  phosphorylation,  our  preliminary  results  show  that  PUMA  undergoes  tyrosine  phosphorylation 
mediated  by  HER2  and  EGFR.  These  exiting  preliminary  observations  suggest  that  EGFR  and  HER2  may 
modulate  PUMA  via  two  modes  of  actions:  (i)  interacting  with  PUMA  to  prevent  PUMA  mitochondrial 
translocalization  in  a  kinase-independent  fashion,  and  (ii)  phosphorylating  PUMA  to  affect  its  functionality 
in  a  kinase-dependent  phosphorylation.  Our  hypothesis  is  that  the  EGFR-PUMA  and  HER2-PUMA 
signaling  crosstalks  modulate  PUMA-mediated  apoptotic  pathway  and  cellular  functions  of  EGFR  and 
HER2,  together  contributing  to  the  aggressive  behavior  of  invasive  breast  cancer.  Based  on  this,  we 
postulate  that  restoring  intrinsic  apoptosis  will  sensitize  breast  cancer  to  EGFR-  and  HER2-targeted  therapy. 
Specific  Aims  are  (1)  Characterize  EGFR-PUMA  and  HER2-PUMA  crosstalks  in  breast  cancer 
overexpressing  EGFR  and/or  HER2.  (2)  Investigate  the  biological  consequence(s)  of  the  phosphorylation  of 
PUMA  by  EGFR  and  HER2  in  breast  cancer.  (3)  Determine  the  extent  to  which  PUMA’s  apoptotic  function 
is  associated  with  breast  cancer  response  to  EGFR-  and  HER2-targeted  therapy.  The  project  sheds  light  on 
the  malignant  phenotype  of  aggressive  breast  cancer  that  overexpress  HER2  and/or  EGFR  which  constitutes 
approximately  half  of  invasive  breast  cancer  and  could  also  provide  rationales  for  new  more  effective 
therapy  for  women  with  aggressive  subtypes  of  breast  cancer. 


1.  INTRODUCTION 


Approximately  half  of  the  human  invasive  breast  carcinomas  overexpress  HER2  and/or  EGFR  and  the 
overexpression  leads  to  more  aggressive  tumor  behaviors  and  shortened  patient  survival.  Both  receptors  are 
important  targets  of  breast  cancer  therapy.  However,  despite  the  apparent  promise  of  some  of  these 
therapies,  HER2-  and  EGFR-based  regimens  have  their  limitations  and  need  improvement.  The  goals  of  this 
Idea  Expansion  Award  are  to  gain  insights  into  the  malignant  biology  and  drug-resistant  phenotype  of 
EGFR-  and/or  HER2-overexpressing  breast  cancer  and  to  use  the  acquired  knowledge  for  the  development 
of  a  sensitization  strategy  that  will  improve  EGFR-  and  HER2-targeted  therapies.  The  immediate  objective 
of  this  project  is  to  define  the  biological  significance  and  therapeutic  implications  of  the  novel  HER2- 
PUMA  and  EGFR-PUMA  crosstalks  in  breast  cancer.  Our  hypothesis  is  two-fold.  First,  we  hypothesize 
that  the  HER2-PUMA  and  EGFR-PUMA  signaling  crosstalks  modulate  PUMA-mediated  apoptotic  pathway 
and  regulate  cellular  functions  of  HER2  and  EGFR,  together  contributing  to  the  aggressive  behavior  of 
HER2-  and  EGFR-overexpressing  breast  cancer.  Second,  we  postulate  that  PUMA’s  apoptotic  function  is 
associated  with  breast  cancer  response  to  HER2-  and  EGFR-targeted  therapies  and  that  restoring  PUMA- 
mediated  intrinsic  apoptosis  will  sensitize  breast  cancer  to  the  therapies.  To  test  the  aforementioned 
hypothesis,  we  conducted  three  Specific  Aims:  1)  Characterize  the  HER2-PUMA  and  EGFR-PUMA 
crosstalks  in  breast  cancer  cells.  2)  Investigate  the  biological  consequence(s)  of  the  phosphorylation  of 
PUMA  by  HER2  and  EGFR  in  breast  cancer.  3)  Determine  the  extent  to  which  PUMA’s  apoptotic  function 
is  associated  with  breast  cancer  response  to  HER2-  and  EGFR-targeted  therapies. 

Successful  accomplishment  of  these  aims  could  lead  to  a  greater  understanding  of  the  malignant  biology  and 
the  drug-resistant  phenotype  of  nearly  half  of  the  invasive  breast  carcinomas  with  HER2  and/or  EGFR 
overexpression  which  makes  them  more  aggressive.  The  outcome  could  also  provide  a  rationale  to  restore 
PUMA’s  apoptotic  function  as  a  novel  strategy  that  sensitizes  aggressive  breast  cancer  to  HER2-  and 
EGFR-targeted  therapies. 


2.  KEYWORDS 
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3.  OVERALL  PROJECT  SUMMARY :  Summarize  the  progress  during  appropriate  reporting  period 
(single  annual  or  comprehensive  final).  This  section  of  the  report  shall  be  in  direct  alignment  with  respect 
to  each  task  outlined  in  the  approved  SOW  in  a  summary  of  Current  Objectives,  and  a  summary  of  Results, 
Progress  and  Accomplishments  with  Discussion.  Key  methodology  used  during  the  reporting  period, 
including  a  description  of  any  changes  to  originally  proposed  methods,  shall  be  summarized.  Data 
supporting  research  conclusions,  in  the  form  of  figures  and/or  tables,  shall  be  embedded  in  the  text, 
appended,  or  referenced  to  appended  manuscripts.  Actual  or  anticipated  problems  or  delays  and  actions  or 
plans  to  resolve  them  shall  be  included.  Additionally,  any  changes  in  approach  and  reasons  for  these 
changes  shall  be  reported.  Any  change  that  is  substantially  different  from  the  original  approved  SOW 
(e.g.,  new  or  modified  tasks,  objectives,  experiments,  etc.)  requires  review  by  the  Grants  Officer’s 
Representative  and  final  approval  by  USAMRAA  Grants  Officer  through  an  award  modification  prior  to 
initiating  any  changes. 

Current  Objectives:  Over  the  past  three  years,  we  were  able  to  complete  the  proposed  research  and 
also  expanded  the  project  in  a  logical  and  responsible  fashion.  As  proposed,  we  functionally 
characterized  the  interactions  between  PUMA  and  EGFR/HER2  and  found  the  interplays  to  lead  to  a 
negative  impact  on  breast  cancer  response  to  apoptosis  induction.  These  observations  have  been 
published  in  PLoS  One  in  2013  [ Carpenter,  R.  L,  Han,  W.,  Paw,  I.  and  Lo,  H.-W.  PLoS  ONE 


4 


8(ll):e78836,  2013].  The  results  are  summarized  below.  Our  future  directions  are  to  develop 
therapeutic  strategies  to  activate  PUMA  in  order  to  sensitize  breast  cancer  with  high  levels  of  EGFR 
and/or  HER2. 


We  further  reported  that  STAT1  gene  expression  is  enhanced  by  nuclear'  EGFR  and  HER2  via  cooperation 
with  STAT3  in  breast  cancer  cells  [Han,  W.,  Carpenter,  RL.,  Cao,  X.  and Lo,  H.-W.  Molecular 
Carcinogenesis  52:959-969,  2013],  Most  recently,  we  reported  that  Akt  phosphorylates  and  activates  HSF-1 
independent  of  heat  shock,  leading  to  Slug  overexpression  and  epithelial-mesenchymal  transition  (EMT)  of 
HER2-overexpressing  breast  cancer  cells  [Carpenter,  R.  L.,  Paw,  I,  Dewhirst,  M.  W,  and  Lo,  H.-W. 
Oncogene,  Published  ahead  of  print,  Jan  28,  2014],  The  results  reported  in  these  publications  can  be  found 
in  the  appendix.  Building  on  these  observations,  our  objectives  are  to  further  explore  the  translational 
implications  of  these  observations.  For  example,  we  will  examine  whether  dual  targeting  of  Akt  and  HSF-1 
will  effectively  prevent  metastasis  of  HER2 -driven  breast  cancer. 


Summary  of  Results 


PUMA  is  primarily  localized  in  the  cytoplasm  of  HER2-  and  EGFR-overexpressing  breast  cancer  cells, 
where  PUMA  is  dysfunctional  (Task  1-a). 

To  help  determine  the  extent  to  which  HER2  and  EGFR  modulate  PUMA  subcellular  locations  in 
breast  cancer  cells,  we  first  analyzed  a  panel  of  human  breast  cancer  cell  lines  for  expression  levels  of  all 
three  proteins.  As  shown  in  Figure  1.  the  majority  of  breast  cancer  cells  lines  analyzed  expressed  PUMA 
and  some  of  them  co-expressed  PUMA  and  HER2/EGFR.  Next,  we  selected  a  HER2 -overexpressing  and  an 
EGFR-overexpressing  cell  lines,  fractionated  the  cells  into  mitochondrial  and  uon-mitochondrial  fractions, 
extracted  lysates  from  each  fraction,  and  determined  PUMA  expression  levels  using  western  blot  analysis. 
As  shown  hr  Figure  2,  in  bother  cell  lines  PUMA  was  primarily  localized  in  the  non-mi tochondrial  extracts 
(NME),  but  to  a  lesser  degree  hr  the  mitochondrial  extracts  (ME).  Mitochondrial  fractionation  was  effective 
as  indicated  by  the  lack  of  COX  IV  expression  hi  the  NME  and  the  absence  of  p-acthr  expression  in  the  ME. 
These  results  indicated  that  PUMA  is  primarily  localized  in  the  cytoplasm  of  HER2-  and  EGFR- 
overexpressing  breast  cancer  cells,  where  PUMA  is  not  functional. 


Figure  1.  Expression  profile  for  PIMA, 
HER2  and  EGFR  in  a  panel  of  human 
breast  cancer  cell  lines.  Western  blot 
analysis  was  conducted. 
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Figure  2.  PUMA  is  primarily  localized  in  the 
cytoplasm  of  HER2-  and  EGFR-overexpressing 
breast  cancer  cells.  Cells  were  fracitonated  into 
mitochondrial  and  uon-mitochondrial  fractions,  and  the 
lysates  from  both  fractions  were  analyzed  via  western 
blot  analysis.  ME,  mitochondrial  extracts.  NME,  non- 
niitochondrial  extracts.  ST.  staurosoorine 
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PUMA  knockdown  increased  EGFR  expression 
(Task  1-b). 

To  examine  the  effects  of  PUMA  on  EGFR,  we 
knockdowned  PUMA  expression  using  siRNA,  treated  the 
cells  with  and  without  EGF  for  20  minutes,  and  then 
determined  EGFR  levels  and  activation  status  using  western 
blot  analysis.  As  shown  in  Figure  3,  we  found  the  PUMA 
siRNA  to  be  effective  in  reducing  PUMA  expression  while 
the  non-specific  (NS)  siRNA  served  as  negative  controls. 
Interestingly,  our  results  showed  that  PUMA  downregulation 
led  to  increased  expression  of  EGFR,  independent  of  EGF 
stimulation.  Consistent  with  the  increase  in  EGFR,  we 
observed  a  higher  level  of  activated  EGFR  (p-EGFR)  in  EGF- 
treated  cells  with  PUMA  siRNA  compared  to  those  with  NS 
siRNA. 


NS  siRNA  PUMA  siRNA 


EGF-:  +  :  + 


PUMA 

EGFR 

P-EGFR/Y1068 


[iactin 


Figure  3.  PUMA  knockdown  increased 
EGFR  expression  Cells  were  transfected 
with  PUMA  siRNA  or  non-specific  (NS) 
control  siRNA,  treated  with  EGF  for  20 
min  and  analvzed  bv  western  blotting. 


HER2  interacts  with  and phosphorylates  PUMA  in  breast  cancer  cells  (Task  2-a). 

Using  immimoprecipitation/westem  blotting  (IP/WB)  and  HER2-overexpressing  breast  cancer  cells, 
we  found  HER2  to  interact  with  PUMA  constitutively  (Figure  4A).  The  HER2-PUMA  interaction  was 
sustained  when  breast  cancer  cells  were  treated  with  lapatinib,  a  dual  HER2/EGFR  kinase  inhibitor  that  has 
effectively  inhibited  HER2  phosphorylation  (Figure  4B).  In  line  with  the  results  of  lapatinib,  the  HER2- 
PUMA  interaction  is  independent  of  heregulin-induced  receptor  activation  (Figure  4C).  These  results 
indicate  that  HER2  interacts  with  PUMA  constitutively  in  a  kinase-independent  fashion. 

Furthermore,  we  found  that  PUMA  was  tyrosine-phosphorylated  in  heregulin-stimulated  HER2- 
overexpressing  MDA-MB-453  cells  (Figure  5A).  We  further  confirmed  this  results  using  cell-free  kinase 
assays  in  which  the  reactions  contained  HER2  (recombinant  C-temiinal  HER2  expressed  in  Sf9  insect  cells; 
Promega)  and  pre-dephosphoryated  PUMA  (from  HEK293  cells  infected  with  a  PUMA  viral  vector; 
OriGene).  Reactions  were  subjected  to  WB  for  tyros ine-phosphorylated  PUMA  using  an  anti- 
phosphotyrosine  Ab  (4G10;  Upstate).  Importantly,  results  of  the  kinase  assay  (Figure  5B)  show  that  HER2 
phosphorylated  PUMA  at  the  tyrosine  residue(s)  and  the  phosphorylation  was  inhibited  by  lapatinib. 
Together,  results  in  Figures  4  and  5  indicate  that  HER2  interacts  with  and  phosphorylates  PUMA. 
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Figure  4.  HER2  interacts  with  and  phosphorylates  PUMA  in  breast  cancer  cells. 

A:  HER2  interacts  with  PUMA  constitutively  in  breast  cancer.  Antibody.  Ab.  Left.  IP-WB.  Right,  WB. 
SK,  SK-BR-3. 

B:  The  HER2-PUMA  interaction  is  sustained  in  MDA-MB-453  cells  treated  with  lapatinib  that  effectively 
inhibits  HER2  phosphorylation.  Left,  IP-WB.  Right,  WB. 

C:  The  HER2-PUMA  interaction  is  independent  of  heregulin-mediated  HER2  activation  in  MDA-MB-453 
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Figure  5.  HER2  phosphorylates  PUMA. 

A:  PUMA  is  tyrosine-phosphorvlated  in  heregulin-stimulated  HER2 -positive  MDA-MB-453  cells.  Left, 
IP-WB.  Right.  WB. 

B:  PUMA  phosphorylation  HER2,  as  shown  by  cell-free  kinase  assay.  Reactions  were  subjected  to  WB 
to  detect  tyrosine-phospliorylated  PUMA  using  an  anti-phosphotyrosine  Ab.  PUMA  phosphorylation  was 
inhibited  by  lapatinib. 

EGFR  interacts  with  and phosphorylates  PUMA  in  breast  cancer  cells  (Task  2-a). 

As  shown  by  IP/WB  in  Figure  6,  EGFR  interacts  with  PUMA  constitutively  and  under  the 
treatments  with  an  apoptosis-inducer,  staurosporine  (ST),  and  the  EGFR  kinase  inhibitor,  Iressa,  in  MDA- 
MB-468  cells  with  EGFR  gene  amplification.  In  the  intracellular  analyses,  serum-starved  breast  cancer  cells 
were  stimulated  with  and  without  EGF  for  10  minutes.  Total  proteins  were  subjected  to  IP  to  pull  down 
PUMA  followed  by  WB  to  detect  tyrosine-phospliorylated  PUMA.  As  shown  in  Figure  7A-C,  PUMA  was 
tyrosine-phospliorylated  in  two  EGFR-overexpressing  cancer  cells  line  and  the  phosphorylation  was 
enhanced  by  EGF.  In  Figure  7D-E,  we  used  the  cell-free  EGFR  kinase  assay  to  further  show  that 
recombinant  PUMA  was  phospliorylated  by  EGFR  and  the  phosphorylation  was  inhibited  by  the  EGFR 
kinase  inhibitor  Iressa.  Collectively,  results  in  Figures  6  and  7  indicate  that  PUMA  is  phospliorylated  by 
EGFR. 
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Figure  7.  PUMA  is  tyrosine-phosphorylated  in  by  EGFR. 

A:  IP  using  a  rabbit  PUMA  Ab  followed  by  WB  with  an  anti-phosphotyrosine  Ab.  IgG:  negative  IP 
control. 

B:  Reciprocal  IP  by  a  phosphotyrosine  (p-tyr)  Ab.  IgG:  negative  IP  control. 

C:  WB. 

D,E:  Cell-free  EGFR  kinase  assay. 


HER2  phosphorvlates  PUMA  at  three  tyrosine  residues  (Task  2-b). 

A  search  of  the  human  PUMA  protein  sequence  revealed  the  presence  of  three  tyrosine  residues, 
namely  Y58,  Y152,  and  Y172  (Figure  8a).  All  three  tyrosine  residues  in  PUMA,  were  foimd  to  be 
conserved  across  multiple  mammalian  species  (Figure  8a),  indicating  these  residues  are  potentially 
functionally  important.  To  determine  which  specific  PUMA  tyrosine  residue(s)  that  HER2  phosphorylates, 
we  conducted  site-directed  mutagenesis  to  mutate  each  tyrosine  (Tyr;  Y)  to  phenylalanine  (Phe;  F)  using  an 
expression  vector  carrying  HA-tagged  PUMA  as  the  template.  Phenylalanine  has  the  same  R  group  as 
tyrosine  without  the  oxygen  to  bind  phosphate  and,  thus,  cannot  be  phosphorylated.  These  PUMA  mutants 
(Y58F-,  Y152F-,  Y172F-PUMA),  along  with  wild-type  PUMA.  (WT-PUMA),  were  expressed  in  cells, 
immunoprecipitated  using  an  HA-tag  antibody,  and  subjected  to  the  HER2  kinase  assay.  As  shown  in 
Figure  8b,  WT-PUMA  was  str  ongly  phosphorylated  by  recombinant  HER2  while  all  of  the  mutants  showed 
a  low  level  of  phosphorylation,  indicating  that  all  three  tyrosines  can  be  phosphorylated.  To  frilly  understand 
the  biological  consequences  of  PUMA  tyrosine  phosphorylation  we  created  an  additional  PUMA  mutant,  a 
triple  mutant  PUMA  (TM-PUMA),  in  which  all  three  tyrosines  (Y58,  Y152,  and  Y172)  were  mutated  to 
phenylalanuie.  Using  the  cell-free  HER2  kinase  assay  (Figure  8b),  WT-PUMA  showed  pliospho-tyrosine 
bands  whereas  none  were  detected  with  TM-PUMA,  indicating  the  TM-PUMA  is  not  phosphorylated  by 
HER2.  To  rule  out  the  possibility  that  TM-PUMA  cannot  be  tyrosine-phosphorylated  due  to  its  inability  to 
interact  with  HER2,  we  next  determined  whether  TM-PUMA  can  physically  interact  with  HER2.  IP/WB 
with  a  HER2  antibody  (Figure  8c)  demonstrated  that  HER2  interacted  with  both  WT-PUMA  and  TM- 
PUMA  equally  indicating  the  lack  of  TM-PUMA  phosphorylation  by  HER2  is  not  due  to  decreased 
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interaction  between  the  two  proteins.  Taken  together,  the  results  in  Figures  2  and  3  are  the  first  evidence 
showing  that  PUMA  undergoes  tyrosine  phosphorylation  and  that  HER2  can  directly  phosphorylate  PUMA. 


Figure  8.  HER2  Phosphorylates  Three 
Tyrosine  Residues  on  PUMA,  a)  Linear 
representation  of  the  PUMA  protein  with 
each  tyrosine,  the  BH3  domain,  and 
mitochondrial  localization  signal  (MLS) 
domain  indicated  (upper  panel). 

Tyrosines  58,  152,  and  172  in  the  PUMA 
protein  is  conserved  across  multiple 
mammalian  species,  which  are  indicated 
(lower  panel),  b)  Wild-type  HA-tagged 
PUMA  protein  was  mutated  so  that  each 
tyrosine  was  changed  to  phenylalanine 
(Y58F,  Y152F,  Y172F)  or  all  tyrosines 
were  mutated  (triple  mutant:  TM).  MCF- 
7  cells  were  transfected  with  WT-PUMA 
or  each  PUMA  mutant  and  whole  cell 
lysate  was  subjected  immunoprecipitation 
with  either  control  IgG  or  HA-directed 
antibodies.  Following 
immunoprecipitation,  the  product  was 
subjected  to  the  HER2  kinase  assay  as 
indicated  in  the  Materials  and  Methods 
section,  c)  WT-PUMA  or  TM-PUMA 
were  transfected  into  MDA-MB-453 
cells.  Cells  were  lysed  and  total  protein 
subjected  to  immunoprecipitation  and 
immunoblotting  with  indicated 
antibodies.  Whole  cell  lysates  were  also 
subjected  to  immunoblotting  with 
indicated  antibodies. 
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TM-PUMA  has  a  longer  half-life  than  WT-PUMA  (Task  2-c). 

We  next  wanted  to  determine  whether  PUMA  phosphorylation  by  HER2  altered  PUMA  stability.  To 
this  end,  we  assessed  protein  half-life  using  cycloheximide,  which  inhibits  protein  synthesis  allowing 
detection  of  when  proteins  are  degraded.  Cycloheximide  is  a  common  method  to  determine  protein  stability 
as  several  relevant  papers  have  used  this  method  in  recent  years  [1-4].  Thus,  HER2-overexpressing  MDA- 
MB-453  cells  were  treated  with  cycloheximide  for  up  to  16  hrs  in  the  presence  or  absence  of  heregulin  to 
activate  HER2.  As  shown  in  Figure  9a,  heregulin  induced  activation  of  HER2  in  these  cells  and  also  led  to 
enhanced  PUMA  protein  degradation.  To  further  examine  the  stability  of  PUMA,  we  assessed  PUMA  half- 
life  using  MCF-7  cells,  which  have  low  HER2  expression,  or  MCF-7/HER2  cells,  which  have  stable 
overexpression  of  HER2.  Figure  9b  shows  that  PUMA  is  degraded  faster  in  MCF-7/HER2  cells  compared 
to  MCF-7  cells  indicating  HER2  overexpression  reduces  PUMA  stability.  We  next  determined  whether  the 
half-life  of  TM-PUMA,  which  cannot  be  tyrosine  phosphorylated,  differs  from  that  of  WT-PUMA.  Cells 
were  transfected  with  either  WT-PUMA  or  TM-PUMA  followed  by  cycloheximide  treatment.  As  shown  in 
Figure  9c,  WT-PUMA  levels  significantly  decreased  at  16  hrs  whereas  TM-PUMA  levels  did  not 
substantially  decline.  Following  quantification  of  PUMA  band  signals  and  plotting  them  over  time,  we 
found  that  the  half-life  for  WT-PUMA  was  approximately  7  hrs  whereas  that  of  TM-PUMA  was  longer  than 
16  hrs.  It  has  been  previously  shown  that  PUMA  can  be  targeted  to  the  proteasome  for  degradation  [1],  To 
determine  if  WT-PUMA  or  TM-PUMA  is  regulated  by  the  proteasome,  we  performed  the  half-life 
experiment  in  the  presence  of  the  proteasome  inhibitor  MG132.  As  shown  in  Figure  9d,  we  observed  that 
WT-PUMA  half-life  could  be  extended  with  inhibition  of  the  proteasome  confirming  previous  results  [1]. 
These  results  suggest  HER2-mediated  phosphorylation  reduces  the  half-life  of  PUMA. 

We  next  asked  whether  TM-PUMA  retains  the  ability  to  undergo  translocalization  to  the  mitochondria 
where  PUMA  promotes  apoptosis.  Thus,  WT-PUMA  or  TM-PUMA  were  transfected  into  cells  followed  by 
isolation  of  the  ME  and  NME  with  subsequent  immunoblotting.  As  Figure  9e  indicates,  TM-PUMA 
retained  the  ability  to  undergo  mitochondrial  localization.  Furthermore,  we  observed  greater  levels  of  TM- 
PUMA  compared  to  WT-PUMA  in  the  ME,  which  was  confirmed  by  calculation  of  the  mtPUMA  Index 
resulting  in  3.3  times  more  TM-PUMA  in  the  mitochondria  than  WT-PUMA.  A  greater  TM-PUMA  level  in 
the  mitochondria  is  likely  the  result  of  enhanced  protein  stability  of  TM-PUMA  protein  in  the  presence  of 
HER2.  Together,  these  data  show  that  PUMA  protein  stability  is  decreased  with  HER2  activation  and 
blocking  PUMA  tyrosine  phosphorylation  enhances  PUMA  stability  and  results  in  greater  mitochondrial 
levels  of  PUMA. 

To  assess  whether  this  relationship  is  maintained  in  vivo ,  we  performed  immuno-histochemistry  on  a 
set  of  clinical  cancer  samples  (n=93)  to  detect  HER2  and  PUMA.  After  scoring,  we  divided  the  samples  into 
low  HER2  (0-1+  intensity)  or  medium  to  high  HER2  (2-3+  intensity).  PUMA  was  divided  into  high  PUMA 
(either  >150  H-Score  or  >100  H-Score)  or  low  PUMA  (either  <150  H-Score  or  <100  H-Score).  We  then 
performed  a  chi-square  analysis  to  determine  the  relationship  between  HER2  and  PUMA  expression 
(Figure  9).  The  chi-square  analysis  using  either  PUMA  barrier  (150  H-Score  or  100  H-Score)  resulted  in 
statistical  significance  (p=0.045  and  p=0.027,  respectively).  These  data  suggest  the  tissues  with  high  HER2 
expression  tend  to  have  lower  PUMA  expression  in  vivo  (Figure  9g)  supporting  our  data  from  cell  lines  that 
HER2  can  downregulate  PUMA  expression. 
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Figure  9.  HER2 
phosphorylation  regulates 
PUMA  half  Life  and 
mitochondrial  Levels,  a)  MDA- 
MB-453  cells  were  incubated  in 
serum-free  medium  for  16  lus 
followed  by  treatment  with 
heregulin  (100  ng/rnL)  and 
cycloheximide  (10  ug/mL).  Whole 
cell  lysate  was  subjected  to 
immunoblotting  with  indicated 
antibodies,  b)  MCF-7  and  MCF- 
7/HER2  cells  were  incubated  in 
serum-free  medium  for  16  Ins 
followed  by  treatment  with 
heregulin  (100  ng/rnL)  and 
cycloheximide  (10  ug/mL).  Whole 
cell  lysate  was  subjected  to 
immunoblotting  with  indicated 
antibodies.  c,d)  MCF-7  cells  were 
transfected  with  HER2  and  either 
WT-PUMA  or  TM-PUMA.  Cells 
were  incubated  in  serum-free 
medium  for  16  Ins  followed  by 
tteatment  with  heregulin  (100 
ng/mL)  and  cycloheximide  (10 
ug/mL)  without  (c)  or  with 
MG132  (10  pM)  co-treatment  (d). 
Whole  cell  lysate  was  subjected  to 
immunoblotting  with  indicated 
antibodies,  e)  MCF-7  cells  were 
transfected  with  WT-PUMA  or 
TM-PUMA  and  mitochondria 
were  isolated.  ME  and  NME  were 
subjected  to  immunoblotting  with 
indicated  antibodies,  f)  Chi-square 
tables  for  analysis  of  clinical 
cancer  samples.  Med-High 
HER2=2-3+.  Low  HER2=0-1+.  g) 
Sample  IHC  images  of  clinical 
cancer  samples  for  High  HER2  + 
Low  PUMA  (case  1)  and  Low 
HER2  +  High  PUMA  (case  2). 
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TM-PUMA  has  a  stronger  effect  than  WT-PUMA  on  suppressing  clonogenic  growth  (Task  2-c). 

Figure  9  indicated  that  TM-PUMA  had  greater  protein  stability  and  greater  protein  levels  in  the 
mitochondria,  which  may  indicate  that  TM-PUMA  has  an  enhanced  ability  to  promote  apoptosis.  To 
examine  the  effect  of  TM-PUMA  on  cell  viability,  we  expressed  an  empty  vector,  WT-PUMA  or  TM- 
PUMA  in  two  different  HER2 -overexpressing  breast  cancer  cell  lines,  namely  BT-474  (Figure  10a, c,e)  and 
MDA-MB-453  (Figure  10b,d,f)  cells,  and  monitored  the  ability  of  these  cells  to  foim  colonies.  As  shown 
by  the  anchorage-dependent  colony  assay  (Figures  10a  and  10b),  TM-PUMA  significantly  decreased 
colony  formation  compared  to  WT-PUMA,  indicating  that  TM-PUMA  had  a  stronger  growth  suppression 
than  WT-PUMA.  As  expected,  compared  to  the  empty  vector,  WT-PUMA  had  a  stronger  propensity  to 
decrease  the  colony  formation  ability  of  both  cell  lines.  Both  of  these  cells  are  aggressive  and  will  glow 
independent  of  attachment.  Therefore,  a  similar  experiment  was  also  performed  with  the  same  cell  lines  but 
using  an  anchorage-independent  soft  agarose  colony  assay.  TM-PUMA  significantly  reduced  soft  agarose 
colony  formation  compared  to  WT-PUMA  (Figures  10c  and  lOd).  WT-PUMA  also  reduced  colony 
formation  compared  to  vector  in  both  cell  lines.  Together,  these  data  demonstrate  that  TM-PUMA  has  a 
greater  effect  than  WT-PUMA  on  decreasing  clonogenic  growth  of  breast  cancer  cells  and  suggests  tyrosine 
phosphorylation  of  PUMA  decreases  the  ability  of  PUMA  to  suppress  cell  growth. 
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Figure  10.  TM-PUMA  decreases  clonogenic  Growth  in  HER2  overexpressing  Cells.  BT-474  cells 
(a,  c,  e)  and  MDA-MB-453  cells  (b,  d,  f)  were  transfected  with  an  empty  vector,  WT-PUMA,  or  TM- 
PUMA  for  48  Ins  (e,  f)-  Transfected  cells  were  then  seeded  into  6-well  plates  either  without  (a  and  b) 
or  with  soft  agarose  (c  and  d)  and  incubated  at  37°C  for  14-21  days.  Colonies  were  then  counted, 
stained  with  ciystal  violet  blue,  and  images  were  taken. 
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TM-PUMA  induces  apoptosis  to  a  greater  degree  than  WT-PUMA  (Task  2-c). 

We  observed  that  TM-PUMA  has  a  greater  effect  on  cell  growth  than  WT-PUMA  in  the  context  of 
HER2  overexpressing  cells.  However,  whether  this  decrease  in  cell  growth  with  TM-PUMA  was  due  to 
enhanced  apoptosis  cannot  be  determined  from  analysis  of  the  colony  assays.  To  determine  the  effect  of 
TM-PUMA  on  apoptosis,  BT-474  cells  were  transfected  with  an  empty  vector,  WT-PUMA,  or  TM-PUMA 
followed  by  treatment  with  heregulin  to  ensure  HER2  activation.  We  then  assessed  the  extent  of  apoptosis 
in  the  treated  cells  by  the  Annexin  V  binding  assay  using  flow  cytometry.  Figures  11a  and  11c  show  that 
TM-PUMA  induced  the  greatest  levels  of  apoptosis  compared  to  WT-PUMA  or  empty  vector.  PUMA  has 
been  shown  previously  to  sensitize  cancer  cells  to  treatment  with  apoptosis-inducing  chemotherapeutic 
agents  [5].  Therefore,  we  next  assessed  whether  TM-PUMA  could  further  enhance  apoptosis  in  the  presence 
of  a  low  dose  of  anisomycin,  an  apoptosis  inducer  [6],  To  this  end,  cancer  cells  were  transfected  with  vector, 
WT-PUMA,  or  TM-PUMA  followed  by  exposure  to  heregulin  and  anisomycin  with  subsequent  assessment 
of  Annexin  V  binding.  As  shown  in  Figures  lib  and  11c,  TM-PUMA  expression  significantly  promoted 
apoptosis  in  the  presence  of  anisomycin  compared  to  vector  and  WT-PUMA.  As  expected,  we  observed 
modest  increases  in  apoptosis  in  anisomycin-treated  cells  expressing  vector  or  WT-PUMA  compared  to 
untreated  cells.  To  confirm  the  effects  of  WT-PUMA  and  TM-PUMA  on  apoptosis,  cell  lysates  were 
analyzed  by  WB  for  the  presence  of  PARP-1  cleavage.  Consistent  with  the  results  of  the  Annexin  V 
staining,  the  results  revealed  that  TM-PUMA  induced  the  greatest  levels  of  cleaved  PARP-1  (Figure  lid). 
Together,  results  presented  in  Figure  6  indicate  TM-PUMA  as  a  stronger  apoptosis  inducer  than  WT-PUMA 
and  that  tyrosine  phosphorylation  of  PUMA  reduces  the  ability  of  PUMA  to  promote  apoptosis. 
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Figure  11.  TM-PUMA  Induces  Apoptosis  in  HER2  Overexpressing  Cells,  a)  and  b)  BT-474  cells 
were  transfected  with  an  empty  vector,  WT-PUMA,  or  TM-PUMA.  Cells  were  treated  with  heregulin 
(100  ng/mL)  and  with  or  without  anisomycin  (25  ng/mL)  for  16  hrs.  Cells  were  detached  and  incubated 
with  annexin-V-FITC  and  PI  according  to  manufacturer’s  instructions  followed  by  analysis  by  flow 
cytometry,  c)  Graph  representing  measurements  of  apoptosis  from  (a  and  b).  d)  BT-474  cells  were 
transfected  with  an  empty  vector,  WT-PUMA,  or  TM-PUMA.  Cells  were  incubated  in  serum-free 
medium  for  16  hrs  followed  by  treatment  with  heregulin  (100  ng/mL)  for  4  hrs.  Cells  were  then  lysed  and 
total  protein  was  subjected  to  immunoblotting  with  indicated  antibodies. 


Ectopic  PUMA  expression  and  a  BH3  mimetic  sensitize  EGFR-expressing  breast  cancer  cells  to  EGFR 
kinase  inhibitors  (Task  3-a). 

Although  BH3-only  proapoptotic  proteins  can  be  functionally  redundant,  we  found  that  increased 
PUMA  expression  rendered  MDA-MB-468  cells  (with  endogenous  EGFR  and  PUMA)  more  sensitive  to 
apoptosis  induction  (Figure  12).  We  also  found  that  breast  cancer  cells  expressed  anti-apoptotic  proteins 
(Figure  13 A),  making  them  susceptible  to  the  BH3  mimetics  that  typically  target  Bcl-2/Bcl-xL/Md-l.  As 
shown  in  Figure  13B,  ABT-263  (a  BH3  mimetic  [7]  being  tested  in  the  clinic)  sensitizes  MDA-MB-468 
cells  to  Iressa  (top)  and  lapatinib  (bottom). 


B 


control  PUMA  vector 


Figure  12.  Excessive  PUMA  expression  renders  MDA-MB-468  cells  more  sensitive 
to  apoptosis  induced  by  anisomycin.  A:  TUNEL  assay.  Fragmented  DNA  is  shown  ir 
yellow  (anows)  as  the  merged  product  of  red  (propidium  iodide-stained  nuclei)  and 
green  (fragmented  DNA)  fluorescent  signals.  B:  WB  shows  effective  expression  of 
transfected  PUMA. 


bpatUab  ABT-263  Both 
It  «M  6.02  uM 


Figure  13A.  Levels  of  anti-apoptotic  proteins  in  breast  cancer  cells.  Lane  8:  MDA-MB-468. 
12B:  ABT-263,  a  BH3  mimetic  that  inhibits  Bcl-2  and  Bcl-xL.  sensitizes  MDA-MB-468  cells 
to  Iressa  (top)  and  lapatinib  (bottom). 
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4.  KEY  RESEARCH  ACCOMPLISHMENTS:  Bulleted  list  of  key  research  accomplishments 
emanating  from  this  research.  Project  milestones,  such  as  simply  completing  proposed  experiments,  are  not 
acceptable  as  key  research  accomplishments.  Key  research  accomplishments  are  those  that  have 
contributed  to  the  major  goals  and  objectives  and  that  have  potential  impact  on  the  research  field. 

•  The  project  sheds  light  on  the  malignant  phenotype  of  aggressive  breast  cancer  that  overexpress  HER2 
and/or  EGFR  which  constitutes  approximately  half  of  invasive  breast  cancer,  and  also  provides 
rationales  for  new  more  effective  therapy  for  women  with  aggressive  subtypes  of  breast  cancer. 

•  We  have  gained  novel  insights  into  the  malignant  biology  and  drug-resistant  phenotype  of  EGFR- 
and/or  HER2-overexpressing  breast  cancer  and  to  use  the  acquired  knowledge  for  the  development  of  a 
sensitization  strategy  that  will  improve  EGFR-  and  HER2-targeted  therapies. 

•  EGFR  and  HER2  antagonize  breast  cancer  response  to  apoptosis-inducing  therapy  by  phosphorylating 
and  destabilizing  the  proapoptotoic  PUMA  protein. 

•  Combining  BH3  memetics  with  EGFR/HER2  targeted  agents  can  be  an  effective  therapy  with  better 
efficacy  than  monotherapy  in  breast  cancer. 

•  Akt  phosphorylates  and  activates  heat  shock  factor- 1  (HSF-1)  independent  of  heat  shock,  leading  to 
Slug  overexpression  and  epithelial-mesenchymal  transition  (EMT)  of  HER2-overexpressing  breast 
cancer  cells. 


5.  CONCLUSION:  Summarize  the  importance  and/or  implications  with  respect  to  medical  and/or 
military  significance  of  the  completed  research  including  distinctive  contributions,  innovations,  or  changes 
in  practice  or  behavior  that  has  come  about  as  a  result  of  the  project.  A  brief  description  of  future  plans  to 
accomplish  the  goals  and  objectives  shall  also  be  included. 

EGFR  and  HER2  are  major  molecular  targets  for  breast  cancer  therapy.  However,  EGFR-targeted 
therapy  needs  urgent  improvements  while  HER2-trargeted  treatments  do  not  consistently  produce 
satisfactory  clinical  outcomes.  The  goal  of  this  study  is,  thus,  to  gain  insights  into  the  biology  of  EGFR- 
and  HER2-expressing  invasive  breast  cancer  in  order  to  provide  rationales  for  more  effective  EGFR- 
and  HER2-based  combination  therapy  for  women  with  breast  cancer.  As  proposed,  we  functionally 
characterized  the  interactions  between  PUMA  and  EGFR/HER2  and  found  the  interplays  to  lead  to  a 
negative  impact  on  breast  cancer  response  to  apoptosis  induction.  We  also  produced  evidence  suggesting 
that  combining  BH3  memetics  with  EGFR/HER2  targeted  agents  can  be  an  effective  therapy  with  better 
efficacy  than  monotherapy  in  treating  breast  cancer.  These  novel  observations  laid  the  foundation  for 
future  research  to  develop  therapeutic  strategies  that  activate  PUMA  in  order  to  sensitize  breast  cancer 
with  high  levels  of  EGFR  and/or  HER2. 

We  reported  that  Akt  phosphorylates  and  activates  heat  shock  factor- 1  (HSF-1)  independent  of  heat 
shock,  leading  to  Slug  overexpression  and  epithelial-mesenchymal  transition  (EMT)  of  HER2- 
overexpressing  breast  cancer  cells.  EMT  is  an  essential  step  for  tumor  progression,  although  the 
mechanisms  driving  EMT  are  still  not  fully  understood.  In  an  effort  to  investigate  these  mechanisms,  we 
observed  that  heregulin-mediated  activation  of  HER2,  or  HER2  overexpression,  resulted  in  EMT,  which 
is  accompanied  with  increased  expression  of  a  known  EMT  regulator  Slug,  but  not  TWIST  or  Snail.  We 
then  investigated  how  HER2  induced  Slug  expression  and  found,  for  the  first  time,  that  there  are  four 
consensus  HSF  Sequence-binding  Elements,  the  binding  sites  for  HSF-1,  located  in  the  Slug  promoter. 
HSF-1  bound  to  and  transactivated  the  Slug  promoter  independent  of  heat  shock,  leading  to  Slug 
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expression  in  breast  cancer  cells.  Knockdown  of  HSF-1  expression  by  siRNA  reduced  Slug  expression 
and  heregulin-induced  EMT.  The  positive  association  between  HSF-1  and  Slug  was  confirmed  by 
immunohistochemical  staining  of  a  cohort  of  100  invasive  breast  carcinoma  specimens.  While 
investigating  how  HER2  activated  HSF-1  independent  of  heat  shock,  we  observed  that  HER2  activation 
resulted  in  concurrent  phosphorylation  of  Akt  and  HSF-1.  We  then  observed,  also  for  the  first  time,  that 
Akt  directly  interacted  with  HSF-1  and  phosphorylated  HSF-1  at  S326.  Inhibition  of  Akt  using  siRNA, 
dominant-negative  Akt  mutant,  or  small  molecule  inhibitors  prevented  heregulin-induced  HSF-1 
activation  and  Slug  expression.  Conversely,  constitutively  active  Akt  induced  HSF-1  phosphorylation 
and  Slug  expression.  HSF-1  knockdown  reduced  the  ability  of  Akt  to  induce  Slug  expression,  indicating 
an  essential  that  HSF-1  plays  in  Akt-induced  Slug  upregulation.  Together,  we  uncovered  the  existence 
of  a  novel  Akt-HSF-1  signaling  axis  that  leads  to  Slug  upregulation  and  EMT,  and  potentially 
contributes  to  progression  of  HER2-positive  breast  cancer.  Building  on  these  observations,  our  future 
directions  are  to  further  explore  the  translational  implications  of  these  observations.  For  example,  we 
will  examine  whether  dual  targeting  of  Akt  and  HSF-1  will  effectively  prevent  metastasis  of  HER2- 
driven  breast  cancer. 


6.  PUBLICATIONS,  ABSTRACTS,  AND  PRESENTATIONS: 

a.  List  all  manuscripts  submitted  for  publication  during  the  period  covered  by  this  report  resulting  from 

this  project.  Include  those  in  the  categories  of  lay  press,  peer-reviewed  scientific  journals,  invited  articles, 
and  abstracts.  Each  entry  shall  include  the  author(s),  article  title,  journal  name,  book  title,  editor s(s), 
publisher,  volume  number,  page  number(s),  date,  DOI,  PMID,  and/or  ISBN. 
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mediator  of  glioblastoma  angiogenesis  and  growth.  PMID:  24045042.  PMCID:  PMC3874262.  Cancer 
Letters  343(1):51-61.  2014.  [13] 
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7.  INVENTIONS,  PATENTS  AND  LICENSES:  List  all  inventions  made  and  patents  and  licenses 
applied  for  and/or  issued.  Each  entry  shall  include  the  inventor(s),  invention  title,  patent  application 
number,  filing  date,  patent  number  if  issued,  patent  issued  date,  national,  or  international. 

Nothing  to  report 


8.  REPORTABLE  OUTCOMES:  Provide  a  list  of  reportable  outcomes  that  have  resulted  from  this 
research.  Reportable  outcomes  are  defined  as  a  research  result  that  is  or  relates  to  a  product,  scientific 
advance,  or  research  tool  that  makes  a  meaningful  contribution  toward  the  understanding,  prevention, 
diagnosis,  prognosis,  treatment  and/or  rehabilitation  of  a  disease,  injury  or  condition,  or  to  improve  the 
quality  of  life.  This  list  may  include  development  of  prototypes,  computer  programs  and/or  software  (such 
as  databases  and  animal  models,  etc.)  or  similar  products  that  may  be  commercialized. 

The  project  has  advanced  our  current  understanding  of  breast  cancer  with  high  levels  of  EGFR  and/or 
HER2.  The  results  have  been  reported  in  a  number  of  publications. 


9.  OTHER  ACHIEVEMENTS:  This  list  may  include  degrees  obtained  that  are  supported  by  this 
award,  development  of  cell  lines,  tissue  or  serum  repositories,  funding  applied  for  based  on  work  supported 
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experience/training  supported  by  this  award. 
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Abstract 

HER2  is  overexpressed  in  15-20%  of  breast  cancers.  HER2  overexpression  is  known  to  reduce  apoptosis  but  the  underlying 
mechanisms  for  this  association  remain  unclear.  To  elucidate  the  mechanisms  for  HER2-mediated  survival,  we  investigated 
the  relationship  between  HER2  and  p53  upregulated  modulator  of  apoptosis  (PUMA),  a  potent  apoptosis  inducer.  Our 
results  showed  that  HER2  interacts  with  PUMA,  which  was  independent  of  HER2  activation.  In  addition,  we  observed  that 
HER2  interacted  with  PUMA  in  both  mitochondrial  and  non-mitochondrial  compartments.  We  next  examined  whether  HER2 
phosphorylates  PUMA.  Notably,  PUMA  tyrosine  phosphorylation  has  never  been  reported.  Using  an  intracellular  assay,  we 
found  PUMA  to  be  phosphorylated  in  breast  cancer  cells  with  activated  HER2.  Via  cell-free  HER2  kinase  assay,  we  observed 
that  PUMA  was  directly  phosphorylated  by  HER2.  Activation  of  HER2  decreased  PUMA  protein  half-life.  To  identify  which  of 
the  three  tyrosines  within  PUMA  are  targeted  by  HER2,  we  generated  three  PUMA  non-phosphorylation  mutants  each  with 
a  single  Tyr— »Phe  substitution.  Results  indicated  that  each  PUMA  single  mutant  had  lost  some,  but  not  all  phosphorylation 
by  HER2  indicating  that  HER2  targets  all  three  tyrosines.  Consequently,  we  created  an  additional  PUMA  mutant  with  all 
three  tyrosines  mutated  (TM-PUMA)  that  could  not  be  phosphorylated  by  HER2.  Importantly,  TM-PUMA  was  found  to  have  a 
longer  half-life  than  PUMA.  An  inverse  association  was  observed  between  HER2  and  PUMA  in  93  invasive  breast  carcinoma 
samples.  We  further  found  that  TM-PUMA  suppressed  growth  of  breast  cancer  cells  to  a  greater  degree  than  PUMA.  Also, 
TM-PUMA  had  a  stronger  propensity  to  induce  apoptosis  than  PUMA.  Together,  our  results  demonstrate,  for  the  first  time, 
that  PUMA  can  be  tyrosine  phosphorylated  and  that  HER2 -mediated  phosphorylation  destabilizes  PUMA  protein.  The  HER2- 
PUMA  interplay  represents  a  novel  mechanism  by  which  PUMA  is  regulated  and  a  new  molecular  basis  for  HER2- mediated 
growth  and  survival  of  cancer  cells. 
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Introduction 

Breast  cancer  rates  are  declining  but  it  remains  a  significant 
public  health  threat.  Current  estimates  indicate  there  will  be 
300,000  new  cases  and  40,000  deaths  from  breast  cancer  in  2013 
[1].  It  is  estimated  that  there  will  be  more  new  breast  cancer  cases 
in  women  than  any  other  type  of  cancer  in  2013  [1].  HER2  is 
overexpressed  in  15  20%  of  human  breast  cancers  and  this 
overexpression  is  associated  with  poor  patient  outcomes  including 
decreased  overall  survival,  increased  tumor  relapse,  and  more 
aggressive  disease  [2  4].  HER2  activation  occurs  by  heterodimer 
ization  with  other  ERBB  family  receptors,  such  as  heregulin 
binding  to  HER3  that  will  then  heterodimerize  with  HER2  to 
activate  downstream  HER2  pathways  [5]. 

Overexpression  of  HER2  is  known  to  reduce  apoptosis.  Pro 
apoptotic  and  anti  apoptotic  Bel  2  proteins  control  the  intrinsic 
apoptotic  pathway  at  the  mitochondria.  Positive  correlations  have 
been  found  between  HER2  expression  and  anti  apoptotic  proteins 
such  as  Bel  xL,  Mcl  1,  and  Bel  2  [6  8].  In  addition,  forced 
expression  of  HER2  caused  increased  protein  levels  of  anti 


apoptotic  proteins  such  as  Bel  2  and  Bel  xL  while  inhibition  of 
HER2  reduced  Mcl  1  and  increased  Bax  expression  [6,7,9]. 
HER2  can  also  activate  PI3K  AKT  and  ERK1/2  signaling,  which 
can  regulate  apoptosis  by  controlling  gene  expression,  such  as 
upregulation  ofsurvivin,  and  post  translational  regulation,  such  as 
phosphorylation  and  inactivation  of  pro  apoptotic  Bad  [10,11]. 
HER2  regulation  of  apoptosis  has  primarily  been  observed  to  be 
mediated  by  downstream  signaling  while  direct  regulation  of  Bel  2 
proteins  by  HER2  has  not  been  assessed. 

The  PUMA  gene  was  first  identified  in  2001  [12,13]  as  a  screen 
for  transcriptional  targets  of  p53.  The  BBC3  gene  was  identified 
soon  after  by  yeast  two  hybrid  screening  and  cDNA  for  this  gene 
matched  that  of  PUMA  [14].  This  later  discovery  of  the  BBC3 
gene  also  established  that  PUMA  expression  could  be  induced  by 
apoptotic  stimuli  independent  of  p53  [14].  PUMA  contains  two 
functional  domains  on  the  G  terminus,  the  BH3  domain  and  the 
mitochondrial  localization  signal  (MLS)  [15,16].  Functional 
activity  of  PUMA  is  initiated  by  protein  targeting  to  the  outer 
mitochondrial  membrane  where  PUMA  interacts  with  anti 
apoptotic  Bel  2  family  members  inhibiting  their  suppression  of 
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Bax  and  Bak  [12,17].  Inhibition  of  anti  apoptotic  Bel  2  family 
members  leads  to  activation  of  pro  apoptotic  proteins  Bax/Bak 
triggering  mitochondrial  outer  membrane  permeabilization 
(MOMP)  and  release  of  cytochrome  G  [12,16,17].  Cytoplasmic 
cytochrome  G  ultimately  forms  the  apoptosome  leading  to 
activation  of  effector  caspases  3/9  and  apoptosis.  Loss  of  PUMA 
activity  has  been  associated  with  multiple  cancer  types.  Deletion  of 
a  portion  of  chromosome  19,  where  the  PUMA  gene  is  located,  has 
been  reported  in  multiple  cancer  types  [13,18,19].  In  addition, 
PUMA  is  a  p53  inducible  gene  and  p53  has  mutations  in  more 
than  40%  of  cancers  [20].  Consequently,  impaired  PUMA 
induction  has  been  observed  with  p53  mutation  or  deletion 
[13,21].  Also,  cancer  cells  with  PUMA  deleted  have  high 
resistance  to  p53  inducible  therapies  such  as  DNA  damaging 
agents,  UV,  and  gamma  irradiation  among  others  [19].  However, 
a  number  of  studies  have  reported  that  PUMA  expression  can  be 
induced  by  p53  independent  mechanisms  [19,22  25]. 

A  direct  link  between  HER2  and  PUMA  has  not  been 
investigated.  Also  unknown  is  whether  PUMA  undergoes  tyrosine 
phosphorylation.  In  this  study,  we  discovered  a  novel  finding  that 
PUMA  can  be  phosphorylated  on  tyrosine  residues  directly  by 
HER2.  Furthermore,  PUMA  phosphorylation  by  HER2  leads  to 
PUMA  destabilization  and  cell  survival.  We  also  show  that  a 
PUMA  mutant  that  cannot  be  phosphorylated  on  tyrosine  residues 
(TM  PUMA)  has  an  enhanced  ability  to  induce  apoptosis.  Taken 
together,  our  study  uncovered  a  novel  HER2^PUMA  signaling 
axis  that  represents  a  novel  mechanism  by  which  PUMA  protein 
and  PUMA  mediated  cell  death  are  regulated.  Our  findings  also 
provide  evidence  implicating  PUMA  down  regulation  as  a  new 
molecular  basis  for  HER2  mediated  growth  and  survival. 

Materials  and  Methods 

Cells  and  Cell  Culture 

MDA  MB  453,  MGF  7,  BT  474,  and  SK  BR3  human  breast 
cancer  cell  lines  were  obtained  from  American  Type  Culture 
Collection,  ATCG  (Manassas,  VA).  MDA  MB  453  cells  were 
maintained  in  Leibovitz  L  15  medium  supplemented  with  10% 
fetal  bovine  serum  (FBS)  at  0%  carbon  dioxide.  MCF  7  cells  were 
maintained  in  MEM  medium  supplemented  with  10%  FBS, 
1  mM  sodium  pyruvate,  0.1  mM  non  essential  amino  acids,  and 
10  |Ig/mL  bovine  insulin.  BT  474  cells  were  maintained  in 
DMEM  medium  supplemented  with  10%  FBS.  SK  BR3  cells 
were  maintained  in  McCoy’s  5a  medium  supplemented  with  10% 
FBS.  MCF  7/HER2  cells  were  maintained  in  MEM  medium 
supplemented  with  10%  FBS,  1  mM  sodium  pyruvate,  0.1  mM 
non  essential  amino  acids,  10  ug/mL  bovine  insulin,  and  350  Llg/ 
mL  G418. 

Chemicals  and  Reagents 

All  chemicals  were  purchased  from  Sigma  (St.  Louis,  MO) 
unless  otherwise  stated.  Cycloheximide  was  purchased  from 
Amresco  (Solon,  OH),  MG  132  was  purchased  from  CalBiochem 
(San  Diego,  CA),  anisomycin  was  purchased  from  Enzo  Life 
Sciences  (Farmingdale,  NY),  and  Lapatinib  was  purchased  from 
LC  Laboratories  (Woburn,  MA).  Tubulin,  (3  actin,  and  IgG 
antibodies  were  purchased  from  Sigma.  HA  antibody  was 
purchased  from  Roche  (Indianapolis,  IN),  PARP  1  antibody  was 
purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA), 
COX  IV  antibody  was  purchased  from  Abeam  (Cambridge,  MA), 
and  4G10  antibody  was  purchased  from  Millipore  (Billerica,  MA). 
PUMA,  HER2,  and  phosphor  HER2  (Y1248)  antibodies  were 
purchased  from  Cell  Signaling  Technologies  (Danvers,  MA). 


Plasmids 

The  pHA  PUMA  plasmid  was  kindly  provided  by  Dr.  Bert 
Vogelstein  via  Addgene  plasmid  16588  [13].  Generation  of  single 
mutant  PUMAs  (Y58F  PUMA,  Y152F  PUMA,  and  Y172F 
PUMA)  as  well  as  the  triple  mutant  (Y58F/Y152F/Y172F 
PUMA)  was  done  using  a  QuikChange  Site  Directed  Mutagenesis 
kit  (Agilent  Technologies,  Santa  Clara,  CA)  per  manufacturer’s 
instructions.  Primers  used  for  mutagenesis  were  the  following: 
Y58F  Forward  5' 

TGCCCGCTGCCTTTCTCTGCGCCCCCA  3',  Y58F  Re 
verse  5'  TGGGGGCGCAGA  GAAAGGC AGC GGGC A  3', 
Y152F  Forward  5'  CTCAACGCACAGTTTGAGCGGCG 
GAGA  3',  Y152F  Reverse  5' 

TGTGGGCCGGTGAAACTGTGCGTTGAG  3',  Y172F  For 
ward  5'  TGAGGTGGAGGGTCCTGTTCAATGTGATGAT 
3',  and  Y172F  Reverse  5' ATGATGAGATTGAACAG 
GAGCCTCCAGGGTGA  3'.  Mutation  was  confirmed  by  se 
quencing. 

Immunoprecipitation/Western  Blotting  (IP/WB) 

Cells  were  lysed  with  RIPA  buffer  (50  mM  Tris,  150  mM  NaGl, 
1  mM  EDTA,  1  %  NP  40,  0. 1  %  SDS,  1  %  sodium  deoxycholate) 
supplemented  with  protease/phosphatase  inhibitors  followed  by 
sonication  and  collection  of  supernatant.  Whole  cell  extracts  were 
pre  cleared  with  1  pg  rabbit  IgG  and  20  pL  protein  A  agarose  for 
1  hr  at  4°G.  Cleared  lysates  were  then  incubated  with  1  pg  HER2 
or  PUMA  antibody  or  control  rabbit  IgG  at  4°C  overnight  with 
agitation.  Protein  A  agarose  was  then  added  and  incubated  at  4°C 
for  60  minutes  with  agitation.  Protein  A  agarose  pellets  were 
collected  and  washed  multiple  times  with  RIPA  buffer  at  4°C. 
Washed  pellets  were  boiled  and  subjected  to  SDS  PAGE  and 
immunoblotting  as  described  previously  [26].  Determination  of 
PUMA  tyrosine  phosphorylation  was  determined  by  immunopre 
cipitation  of  PUMA  followed  by  immunoblotting  using  anti 
phospho  tyrosine  4G10  Platinum  antibody  (Millipore). 

Cell-free  HER2  Kinase  Assays 

Recombinant  human  PUMA  protein  (Origene,  Rockville,  MD) 
was  dephosphorylated  with  recombinant  human  PTP 1 B  protein  at 
30°C  followed  by  PTP  IB  inactivation  at  65°G.  Dephosphorylated 
PUMA  was  then  incubated  with  recombinant  human  HER2 
protein  (Promega,  Madison,  WI)  and  ATP  at  30°C.  Sample  was 
then  boiled  and  subjected  to  SDS  PAGE  and  immunoblotting 
using  anti  phospho  tyrosine  4G10  Platinum  antibody  (Millipore). 

Immunoprecipitation-kinase  Assay 

Cells  were  transfected  with  HA  tagged  PUMA  plasmids  and  cell 
lysates  were  collected  as  described  above.  Immunoprecipitated  was 
done  with  HA  antibody  as  described  above.  Following  washes, 
protein  A  agarose  pellets  were  dephosphorylated  with  recombi 
nant  human  PTP  IB  followed  by  incubation  with  recombinant 
human  HER2  as  described  above.  Samples  were  then  boiled  and 
subjected  to  SDS  PAGE  and  immunoblotting  using  anti  phospho 
tyrosine  4G10  Platinum  antibody  (Millipore). 

Colony  Formation  Assays 

Following  transfection  of  indicated  plasmids  cells  were  seeded 
into  6  well  culture  plates  to  determine  anchorage  dependent 
clonogenic  growth  as  we  described  previously  [27].  Following 
transfection,  cells  were  also  seeded  into  6  well  plates  with  agarose 
to  determine  anchorage  independent  clonogenic  growth.  Wells 
pre  coated  with  a  bottom  layer  of  0.5%  agarose  and  cells  were 
seeded  into  top  layer  with  0.35%  agarose.  After  2  4  weeks, 
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colonies  with  or  without  agarose  were  stained  with  crystal  violet 
blue  solution  (Sigma)  for  1  hr  and  colonies  were  counted  under  a 
microscope.  Experiments  were  performed  in  triplicate. 

Assessment  of  Apoptosis 

Cells  were  transfected  with  indicated  plasmids,  treated  with 
indicated  compounds,  and  harvested  with  trypsin/EDTA.  Apo 
ptosis  was  then  determined  using  FITC  Annexin  V/propidium 
iodide  detection  kit  from  BD  Pharmingen  (San  Jose,  CA)  per 
manufacturer’s  instructions.  Cells  were  then  analyzed  by  flow 
cytometry  using  a  BD  FACSCalibur  flow  cytometer.  PARP  1 
cleavage  was  determined  using  immunoblotting  of  cell  lysates 
following  indicated  transfection  and  treatment. 

Determination  of  PUMA  Mitochondrial  Levels 

Mitochondrial  fractionation  was  performed  using  an  assay  kit 
from  Pierce /Thermo  Scientific  (Rockford,  IL),  according  to 
manufacturer’s  instructions  as  we  have  described  previously  [26]. 
Briefly,  protein  was  isolated  from  the  mitochondrial  extract  (ME) 
and  the  non  mitochondrial  extract  (NME).  The  ME  and  NME 
were  then  subjected  to  SDS  PAGE  and  immunoblotting.  Band 
intensities  were  then  measured  using  NIH  ImageJ  software.  The 
extent  of  PUMA  mitochondrial  localization  (mtPUMA  Index)  was 
computed  using  band  densities  with  the  following  equation: 

mtPUMAIndex  = 

mitochondrialPUMA 

_ %ME _ 

( mitochondricilP UMA\  _i_  ( mon  —  mitochondrialP UMA t 
V  %ME  )  '  \  %NME  ) 

%ME  is  the  percent  of  the  total  ME  loaded  and  %NME  is  the 
percent  of  the  total  NME  loaded  for  immunoblotting. 

Immunohistochemistry  of  Clinical  Tumor  Samples 

Slides  were  purchased  from  US  Biomax  (Rockville,  MD). 
Assessment  of  HER2  intensity  (0  3+)  was  completed  by  US 
Biomax.  PUMA  detection  was  conducted  as  we  described 
previously  [28].  Slides  were  incubated  with  PUMA  antibody  (Cell 
Signaling  Technology,  Danvers,  MA).  Histologic  scores  (H  Scores) 
were  computed  from  both  percent  positivity  (A%,  A  1  100)  and 
intensity  (B  0  3+)  using  the  following  equation:  H  Score  AxB. 
Chi  square  analysis  was  used  to  determine  relationship  between 
HER2  intensity  and  PUMA  H  Score. 

Statistical  Analyses 

Data  are  presented  as  Mean  ±  SE.  Differences  were 
determined  via  One  Way  ANOVA  with  Tukey’s  post  hoc  test  or 
student’s  t  test  where  appropriate.  Chi  Square  analysis  was 
performed  for  the  IHC  results.  Significance  was  set  at  p<0.05. 

Results 

HER2  Physically  Associates  with  PUMA 

To  investigate  whether  HER2  has  any  interplay  with  PUMA, 
we  first  assessed  whether  HER2  can  physically  interact  with 
PUMA  using  immunoprecipitation/western  blotting  (IP/WB).  We 
used  SK  BR3  and  BT  474  breast  cancer  cells  as  they  overexpress 
HER2  due  to  HER2  gene  amplification.  We  immunoprecipitated 
HER2  from  these  cells  and  found  that  PUMA  could  be  detected 
with  HER2  pull  down  in  both  cell  lines  (Figure  la).  This  indicated 
a  novel  finding  that  HER2  physically  interacts  with  PUMA.  It  is 
worth  noting  that  we  did  not  detect  an  interaction  between  HER2 
and  Bad  or  Bmf,  other  BH3  only  proteins,  suggesting  the 


interaction  with  HER2  is  specific  to  PUMA  (Figure  la).  We  next 
assessed  whether  HER2  kinase  activity  was  required  for  the 
interaction  with  PUMA.  For  this,  cells  were  treated  with  or 
without  heregulin  as  a  means  of  activating  HER2  kinase  activity. 
Of  note,  HER2  does  not  have  obvious  ligands  and  relies  on 
binding  to  heregulin  bound  HER3  for  activation;  HER3  does  not 
have  kinase  activity  [5].  As  shown  in  Figure  lb,  HER2  was 
activated  by  heregulin  but  this  did  not  significantly  change  the 
interaction  of  HER2  with  PUMA.  Cells  were  then  treated  with  or 
without  lapatinib,  which  inhibits  HER2  activation  [29].  Lapatinib 
decreased  HER2  activation  but  also  did  not  significantly  affect  the 
interaction  of  HER2  and  PUMA  (Figure  lc).  Collectively,  these 
data  indicate  that  HER2  can  physically  interact  with  PUMA  and 
this  interaction  is  not  dependent  on  kinase  activity  of  HER2. 

PUMA  primarily  localizes  to  the  mitochondria  as  it  contains  a 
mitochondrial  localization  signal  [12,16]  but  PUMA  has  also  been 
observed  to  promote  apoptosis  without  mitochondrial  localization 
[15].  In  addition,  HER2  is  primarily  localized  to  the  plasma 
membrane  but  has  recently  been  found  to  localize  to  the 
mitochondria  where  it  influences  cellular  metabolism  and 
promotes  resistance  of  trastuzumab  [30].  Therefore,  we  next 
determined  where  PUMA  and  HER2  physically  interact.  Mito 
chondrial  (ME)  and  non  mitochondrial  extracts  (NME)  were 
isolated  from  BT  474  cells  and  immunoblotting  for  oc  tubulin  and 
COX  IV  confirmed  there  was  effective  isolation  of  mitochondrial 
and  non  mitochondrial  fractions  (Figure  Id).  Figure  Id  shows  that 
PUMA  and  HER2  were  detected  in  both  the  ME  and  the  NME 
confirming  previous  observations  [30].  Despite  loading  of  equal 
amounts  of  protein  (60  pg),  there  appeared  to  be  greater  PUMA 
and  HER2  levels  in  the  ME  than  the  NME.  However,  this 
apparent  imbalance  is  due  to  the  fact  that  60  pg  is  80%  of  the  ME 
harvested  but  only  2%  of  the  NME  harvested.  To  determine 
interaction  between  HER2  and  PUMA,  HER2  was  immunopre 
cipitated  from  equal  amounts  of  the  ME  and  NME  followed  by 
immunoblotting.  We  observed  interaction  between  HER2  and 
PUMA  in  both  the  ME  and  the  NME  (Figure  Id).  These  are  the 
first  data  indicating  HER2  physically  interacts  with  PUMA  and 
that  this  interaction  occurs  in  and  out  of  the  mitochondrial 
compartment. 

HER2  Directly  Phosphorylates  PUMA 

Following  detection  of  a  direct  interaction  between  HER2  and 
PUMA,  we  next  determined  whether  PUMA  could  be  phosphor 
ylated  by  HER2.  To  the  best  of  our  knowledge,  PUMA  tyrosine 
phosphorylation  has  not  been  previously  reported.  To  first  assess 
whether  PUMA  can  be  tyrosine  phosphorylated  intracellularly,  we 
starved  HER2  overexpressing  cells  for  1 6  hrs  and  then  treated  the 
cells  with  or  without  heregulin  to  activate  HER2.  We  subjected  the 
cell  lysates  to  IP/WB  using  a  PUMA  antibody  for  IP  and 
immunoblotted  with  anti  phospho  tyrosine  antibodies.  As  shown 
in  Figure  2a,  tyrosine  phosphorylated  PUMA  was  readily  detected 
in  heregulin  stimulated  cells  which  expressed  activated  phosphor 
ylated  HER2  (p  HER2).  However,  MCF  7  cells,  which  express 
low  levels  of  HER2,  did  not  respond  to  heregulin  and  did  not  show 
significant  PUMA  tyrosine  phosphorylation  (Figure  2b).  In 
contrast,  MCF  7  cells  with  stable,  forced  HER2  overexpression 
(MCF  7/HER2  cells)  shows  PUMA  tyrosine  phosphorylation  in 
response  to  heregulin  (Figure  2c).  These  results  are  the  first  to 
show  that  PUMA  can  be  phosphorylated  on  tyrosine  residues  and 
this  occurred  with  HER2  stimulation  by  heregulin. 

We  next  wanted  to  determine  whether  HER2  could  directly 
phosphorylate  PUMA.  To  this  end,  we  used  commercially 
available  purified  recombinant  PUMA  and  HER2  proteins  to 
perform  a  cell  free  kinase  assay.  As  shown  in  Figure  2d,  PUMA 
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Figure  1.  HER2  Directly  Interacts  with  PUMA,  a)  SKBR3  and  BT  474  cells  were  lysed  and  total  protein  subjected  to  immunoprecipitation  with 
either  control  IgG  or  HER2  antibodies  followed  by  immunoblotting  with  indicated  antibodies.  Whole  cell  lysates  were  also  subjected  to 
immunoblotting  with  indicated  antibodies,  b)  MDA  MB  453  cells  were  incubated  in  serum  free  medium  for  16  hrs  followed  by  treatment  with 
heregulin  (100  ng/mL)  for  30  minutes.  Cells  were  then  lysed  and  total  protein  was  subjected  to  immunoprecipitation  with  either  control  IgG  or  HER2 
antibodies  followed  by  immunoblotting  with  indicated  antibodies.  Whole  cell  lysates  were  also  subjected  to  immunoblotting  with  indicated 
antibodies,  c)  MDA  MB  453  cells  were  incubated  with  lapatinib  (10  juM)  for  two  hrs.  Cells  were  then  lysed  and  total  protein  was  subjected  to 
immunoprecipitation  with  either  control  IgG  or  HER2  antibodies  followed  by  immunoblotting  with  indicated  antibodies.  Whole  cell  lysates  were  also 
subjected  to  immunoblotting  with  indicated  antibodies,  d)  The  mitochondrial  (ME)  and  non  mitochondrial  extract  (NME)  were  isolated  from  BT  474 
cells  and  both  extracts  were  subjected  to  immunoprecipitation  with  indicated  antibodies.  ME  and  NME  were  also  subjected  to  immunoblotting  with 
indicated  antibodies. 
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was  strongly  phosphorylated  at  tyrosine  residues  in  the  presence  of 
HER2.  As  expected,  HER2  underwent  auto  phosphorylation.  In 
the  presence  of  lapatinib,  HER2  phosphorylation  was  lost,  and 
consequently,  there  was  no  tyrosine  phosphorylation  of  PUMA. 
We  also  observed  a  dose  response  increase  in  tyrosine  phosphor 
ylation  of  PUMA  with  increasing  levels  of  PUMA  protein  in  the 
presence  of  HER2  (Figure  2e).  Using  IP  WB,  we  further  show  that 
pulldown  of  recombinant  HER2  also  results  in  pulldown  of 
purified  PUMA  (Figure  2f)  confirming  HER2  directly  associates 
with  PUMA  in  the  context  of  the  cell  free  kinase  assay.  These 
results  show  for  the  first  time  that  PUMA  can  be  phosphorylated 
at  tyrosine  residues  directly  by  HER2. 

HER2  Phosphorylates  PUMA  at  Three  Tyrosine  Residues 

A  search  of  the  human  PUMA  protein  sequence  revealed  the 
presence  of  three  tyrosine  residues,  namely  Y58,  Y152,  and  Y172 
(Figure  3a).  All  three  tyrosine  residues  in  PUMA  were  found  to  be 
conserved  across  multiple  mammalian  species  (Figure  3a),  indi 


eating  these  residues  are  potentially  functionally  important.  To 
determine  which  specific  PUMA  tyrosine  residue(s)  that  HER2 
phosphorylates,  we  conducted  site  directed  mutagenesis  to  mutate 
each  tyrosine  (Tyr;  Y)  to  phenylalanine  (Phe;  F)  using  an 
expression  vector  carrying  HA  tagged  PUMA  as  the  template. 
Phenylalanine  has  the  same  R  group  as  tyrosine  without  the 
oxygen  to  bind  phosphate  and,  thus,  cannot  be  phosphorylated. 
These  PUMA  mutants  (Y58F  ,  Y152F  ,  Y172F  PUMA),  along 
with  wild  type  PUMA  (WT  PUMA),  were  expressed  in  cells, 
immunoprecipitated  using  an  HA  tag  antibody,  and  subjected  to 
the  HER2  kinase  assay.  As  shown  in  Figure  3B,  WT  PUMA  was 
strongly  phosphorylated  by  recombinant  HER2  while  all  of  the 
mutants  showed  a  low  level  of  phosphorylation,  indicating  that  all 
three  tyrosines  can  be  phosphorylated.  To  fully  understand  the 
biological  consequences  of  PUMA  tyrosine  phosphorylation  we 
created  an  additional  PUMA  mutant,  a  triple  mutant  PUMA 
(TM  PUMA),  in  which  all  three  tyrosines  (Y58,  Y152,  and  Y172) 
were  mutated  to  phenylalanine.  Using  the  cell  free  HER2  kinase 
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Figure  2.  HER2  Directly  Phosphorylates  PUMA.  MDA  MB  453  (a),  or  MCF  7  (b),  or  MCF  7/HER2  (c)  cells  were  incubated  in  serum  free  medium 
for  16  hrs  followed  by  treatment  with  heregulin  (100  ng/mL)  for  30  min.  Cells  were  then  lysed  and  total  protein  was  subjected  to 
immunoprecipitation  with  either  control  IgG  or  PUMA  antibodies  followed  by  immunoblotting  with  indicated  antibodies.  Whole  cell  lysates  were 
also  subjected  to  immunoblotting  with  indicated  antibodies.  Tyrosine  phosphorylated  PUMA  was  detected  with  4G10  phospho  tyrosine  antibodies. 
Recombinant  PUMA  protein  was  subjected  to  the  HER2  kinase  assay  (as  indicated  in  the  Methods  &  Materials)  in  the  presence  or  absence  of  lapatinib 
(d)  or  with  increasing  levels  of  recombinant  PUMA  protein  (e).  f)  Recombinant  HER2  was  immunoprecipitated  in  the  presence  or  absence  of  purified 
PUMA  followed  by  immunoblotting  with  indicated  antibodies. 
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assay  (Figure  3b),  WT  PUMA  showed  phospho  tyrosine  bands 
whereas  none  were  detected  with  TM  PUMA,  indicating  the  TM 
PUMA  is  not  phosphorylated  by  HER2.  To  rule  out  the  possibility 
that  TM  PUMA  cannot  be  tyrosine  phosphorylated  due  to  its 
inability  to  interact  with  HER2,  we  next  determined  whether  TM 
PUMA  can  physically  interact  with  HER2.  IP/WB  with  a  HER2 
antibody  (Figure  3c)  demonstrated  that  HER2  interacted  with 
both  WT  PUMA  and  TM  PUMA  equally  indicating  the  lack  of 
TM  PUMA  phosphorylation  by  HER2  is  not  due  to  decreased 
interaction  between  the  two  proteins.  Taken  together,  the  results 
in  Figures  2  and  3  are  the  first  evidence  showing  that  PUMA 
undergoes  tyrosine  phosphorylation  and  that  HER2  can  directly 
phosphorylate  PUMA. 

TM-PUMA  has  a  Longer  Half-life  than  WT-PUMA 

We  next  wanted  to  determine  whether  PUMA  phosphorylation 
by  HER2  altered  PUMA  stability.  To  this  end,  we  assessed  protein 
half  life  using  cycloheximide,  which  inhibits  protein  synthesis 
allowing  detection  of  when  proteins  are  degraded.  Cycloheximide 
is  a  common  method  to  determine  protein  stability  as  several 
relevant  papers  have  used  this  method  in  recent  years  [31  34]. 


Thus,  HER2  overexpressing  MDA  MB  453  cells  were  treated 
with  cycloheximide  for  up  to  16  hrs  in  the  presence  or  absence  of 
heregulin  to  activate  HER2.  As  shown  in  Figure  4a,  heregulin 
induced  activation  of  HER2  in  these  cells  and  also  led  to  enhanced 
PUMA  protein  degradation.  To  further  examine  the  stability  of 
PUMA,  we  assessed  PUMA  half  life  using  MCF  7  cells,  which 
have  low  HER2  expression,  or  MCF  7/HER2  cells,  which  have 
stable  overexpression  of  HER2.  Figure  4b  shows  that  PUMA  is 
degraded  faster  in  MCF  7/HER2  cells  compared  to  MCF  7  cells 
indicating  HER2  overexpression  reduces  PUMA  stability.  We 
next  determined  whether  the  half  life  of  TM  PUMA,  which 
cannot  be  tyrosine  phosphorylated,  differs  from  that  of  WT 
PUMA.  Cells  were  transfected  with  either  WT  PUMA  or  TM 
PUMA  followed  by  cycloheximide  treatment.  As  shown  in 
Figure  4c,  WT  PUMA  levels  significantly  decreased  at  16  hrs 
whereas  TM  PUMA  levels  did  not  substantially  decline.  Following 
quantification  of  PUMA  band  signals  and  plotting  them  over  time, 
we  found  that  the  half  life  for  WT  PUMA  was  approximately 
7  hrs  whereas  that  of  TM  PUMA  was  longer  than  16  hrs.  It  has 
been  previously  shown  that  PUMA  can  be  targeted  to  the 
proteasome  for  degradation  [31].  To  determine  if  WT  PUMA  or 
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Figure  3.  HER2  Phosphorylates  Three  Tyrosine  Residues  on  PUMA,  a)  Linear  representation  of  the  PUMA  protein  with  each  tyrosine,  the  BH3 
domain,  and  mitochondrial  localization  signal  (MLS)  domain  indicated  (upper  panel).  Tyrosines  58,  152,  and  172  in  the  PUMA  protein  is  conserved 
across  multiple  mammalian  species,  which  are  indicated  (lower  panel),  b)  Wild  type  HA  tagged  PUMA  protein  was  mutated  so  that  each  tyrosine  was 
changed  to  phenylalanine  (Y58F,  Y152F,  Y172F)  or  all  tyrosines  were  mutated  (triple  mutant:  TM).  MCF  7  cells  were  transfected  with  WT  PUMA  or 
each  PUMA  mutant  and  whole  cell  lysate  was  subjected  immunoprecipitation  with  either  control  IgG  or  HA  directed  antibodies.  Following 
immunoprecipitation,  the  product  was  subjected  to  the  HER2  kinase  assay  as  indicated  in  the  Materials  and  Methods  section,  c)  WT  PUMA  or  TM 
PUMA  were  transfected  into  MDA  MB  453  cells.  Cells  were  lysed  and  total  protein  subjected  to  immunoprecipitation  and  immunoblotting  with 
indicated  antibodies.  Whole  cell  lysates  were  also  subjected  to  immunoblotting  with  indicated  antibodies. 
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TM  PUMA  is  regulated  by  the  proteasome,  we  performed  the 
half  life  experiment  in  the  presence  of  the  proteasome  inhibitor 
MG  132.  As  shown  in  Figure  4d,  we  observed  that  WT  PUMA 
half  life  could  be  extended  with  inhibition  of  the  proteasome 
confirming  previous  results  [31].  These  results  suggest  HER2 
mediated  phosphorylation  reduces  the  half  life  of  PUMA. 

We  next  asked  whether  TM  PUMA  retains  the  ability  to 
undergo  translocalization  to  the  mitochondria  where  PUMA 
promotes  apoptosis.  Thus,  WT  PUMA  or  TM  PUMA  were 
transfected  into  cells  followed  by  isolation  of  the  ME  and  NME 
with  subsequent  immunoblotting.  As  Figure  4e  indicates,  TM 


PUMA  retained  the  ability  to  undergo  mitochondrial  localization. 
Furthermore,  we  observed  greater  levels  of  TM  PUMA  compared 
to  WT  PUMA  in  the  ME,  which  was  confirmed  by  calculation  of 
the  mtPUMA  Index  (see  Materials  and  Methods)  resulting  in  3.3 
times  more  TM  PUMA  in  the  mitochondria  than  WT  PUMA.  A 
greater  TM  PUMA  level  in  the  mitochondria  is  likely  the  result  of 
enhanced  protein  stability  of  TM  PUMA  protein  in  the  presence 
of  HER2.  Together,  these  data  show  that  PUMA  protein  stability 
is  decreased  with  HER2  activation  and  blocking  PUMA  tyrosine 
phosphorylation  enhances  PUMA  stability  and  results  in  greater 
mitochondrial  levels  of  PUMA. 
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Figure  4.  HER2  Phosphorylation  Regulates  Half  Life  and  Mitochondrial  Levels,  a)  MDA  MB  453  cells  were  incubated  in  serum  free  medium 
for  1 6  hrs  followed  by  treatment  with  heregulin  (1 00  ng/mL)  and  cycloheximide  (1 0  ug/mL).  Whole  cell  lysate  was  subjected  to  immunoblotting  with 
indicated  antibodies,  b)  MCF  7  and  MCF  7/HER2  cells  were  incubated  in  serum  free  medium  for  1 6  hrs  followed  by  treatment  with  heregulin  (1 00  ng/ 
mL)  and  cycloheximide  (10  ug/mL).  Whole  cell  lysate  was  subjected  to  immunoblotting  with  indicated  antibodies.  c,d)  MCF  7  cells  were  transfected 
with  HER2  and  either  WT  PUMA  or  TM  PUMA.  Cells  were  incubated  in  serum  free  medium  for  16  hrs  followed  by  treatment  with  heregulin  (100  ng/ 
mL)  and  cycloheximide  (10  ug/mL)  without  (c)  or  with  MG132  (10  jliM)  co  treatment  (d).  Whole  cell  lysate  was  subjected  to  immunoblotting  with 
indicated  antibodies,  e)  MCF  7  cells  were  transfected  with  WT  PUMA  or  TM  PUMA  and  mitochondria  were  isolated.  ME  and  NME  were  subjected  to 
immunoblotting  with  indicated  antibodies,  f)  Chi  square  tables  for  analysis  of  clinical  cancer  samples.  Med  High  HER2  =  2  3+.  Low  HER2  =  0  1+.  g) 
Sample  IHC  images  of  clinical  cancer  samples  for  High  HER2+  Low  PUMA  (case  1)  and  Low  HER2+  High  PUMA  (case  2). 
doi:1 0.1 371/journal,  pone.0078836.g004 


To  assess  whether  this  relationship  is  maintained  in  vivo ,  we 
performed  immunohistochemistry  on  a  set  of  clinical  cancer 
samples  (n  93)  to  detect  HER2  and  PUMA.  After  scoring,  we 
divided  the  samples  into  low  HER2  (0  1+  intensity)  or  medium  to 
high  HER2  (2  3+  intensity).  PUMA  was  divided  into  high  PUMA 
(either  >150  H  Score  or  >100  H  Score)  or  low  PUMA  (either 
<150  H  Score  or  <100  H  Score).  We  then  performed  a  chi 
square  analysis  to  determine  the  relationship  between  HER2  and 
PUMA  expression  (Figure  4f).  The  chi  square  analysis  using  either 
PUMA  barrier  (150  H  Score  or  100  H  Score)  resulted  in  statistical 
significance  (p  0.045  and  p  0.027,  respectively).  These  data 
suggest  the  tissues  with  high  HER2  expression  tend  to  have  lower 
PUMA  expression  in  vivo  (Figure  4g)  supporting  our  data  from  cell 
lines  that  HER2  can  downregulate  PUMA  expression. 

TM-PUMA  has  a  Stronger  Effect  than  WT-PUMA  on 
Suppressing  Clonogenic  Growth 

Figure  4  indicated  that  TM  PUMA  had  greater  protein  stability 
and  greater  protein  levels  in  the  mitochondria,  which  may  indicate 
that  TM  PUMA  has  an  enhanced  ability  to  promote  apoptosis.  To 
examine  the  effect  of  TM  PUMA  on  cell  viability,  we  expressed  an 
empty  vector,  WT  PUMA  or  TM  PUMA  in  two  different  HER2 
overexpressing  breast  cancer  cell  lines,  namely  BT  474  (Figure  5e) 
and  MDA  MB  453  (Figure  5f)  cells,  and  monitored  the  ability  of 
these  cells  to  form  colonies.  As  shown  by  the  anchorage  dependent 
colony  assay  (Figures  5a  and  5b),  TM  PUMA  significantly 
decreased  colony  formation  compared  to  WT  PUMA,  indicating 
that  TM  PUMA  had  a  stronger  growth  suppression  than  WT 
PUMA.  As  expected,  compared  to  the  empty  vector,  WT  PUMA 
had  a  stronger  propensity  to  decrease  the  colony  formation  ability 
of  both  cell  lines.  Both  of  these  cells  are  aggressive  and  will  grow 
independent  of  attachment.  Therefore,  a  similar  experiment  was 
also  performed  with  the  same  cell  lines  but  using  an  anchorage 
independent  soft  agarose  colony  assay.  TM  PUMA  significantly 
reduced  soft  agarose  colony  formation  compared  to  WT  PUMA 
(Figures  5c  and  5d).  WT  PUMA  also  reduced  colony  formation 
compared  to  vector  in  both  cell  lines.  Together,  these  data 
demonstrate  that  TM  PUMA  has  a  greater  effect  than  WT 
PUMA  on  decreasing  clonogenic  growth  of  breast  cancer  cells  and 
suggests  tyrosine  phosphorylation  of  PUMA  decreases  the  ability 
of  PUMA  to  suppress  cell  growth. 

TM-PUMA  Induces  Apoptosis  to  a  Greater  Degree  than 
WT-PUMA 

We  observed  that  TM  PUMA  has  a  greater  effect  on  cell 
growth  than  WT  PUMA  in  the  context  of  HER2  overexpressing 
cells.  However,  whether  this  decrease  in  cell  growth  with  TM 
PUMA  was  due  to  enhanced  apoptosis  cannot  be  determined  from 
analysis  of  the  colony  assays.  To  determine  the  effect  of  TM 
PUMA  on  apoptosis,  BT  474  cells  were  transfected  with  an  empty 
vector,  WT  PUMA,  or  TM  PUMA  followed  by  treatment  with 
heregulin  to  ensure  HER2  activation.  We  then  assessed  the  extent 
of  apoptosis  in  the  treated  cells  by  the  Annexin  V  binding  assay 


using  flow  cytometry.  Figures  6a  and  6c  show  that  TM  PUMA 
induced  the  greatest  levels  of  apoptosis  compared  to  WT  PUMA 
or  empty  vector.  PUMA  has  been  shown  previously  to  sensitize 
cancer  cells  to  treatment  with  apoptosis  inducing  chemotherapeu 
tic  agents  [2 1] .  Therefore,  we  next  assessed  whether  TM  PUMA 
could  further  enhance  apoptosis  in  the  presence  of  a  low  dose  of 
anisomycin,  an  apoptosis  inducer  [35].  To  this  end,  cancer  cells 
were  transfected  with  vector,  WT  PUMA,  or  TM  PUMA 
followed  by  exposure  to  heregulin  and  anisomycin  with  subsequent 
assessment  of  Annexin  V  binding.  As  shown  in  Figures  6b  and  6c, 
TM  PUMA  expression  significantly  promoted  apoptosis  in  the 
presence  of  anisomycin  compared  to  vector  and  WT  PUMA.  As 
expected,  we  observed  modest  increases  in  apoptosis  in  anisomy 
cin  treated  cells  expressing  vector  or  WT  PUMA  compared  to 
untreated  cells. 

To  confirm  the  effects  of  WT  PUMA  and  TM  PUMA  on 
apoptosis,  cell  lysates  were  analyzed  by  WB  for  the  presence  of 
PARP  1  cleavage.  Consistent  with  the  results  of  the  Annexin  V 
staining,  the  results  revealed  that  TM  PUMA  induced  the  greatest 
levels  of  cleaved  PARP  1  (Figure  6d).  Together,  results  presented 
in  Figure  6  indicate  TM  PUMA  as  a  stronger  apoptosis  inducer 
than  WT  PUMA  and  that  tyrosine  phosphorylation  of  PUMA 
reduces  the  ability  of  PUMA  to  promote  apoptosis. 

Discussion 

We  report  in  this  study  that  HER2  directly  phosphorylates 
PUMA  and  this  leads  to  PUMA  degradation  and  suppression  of 
apoptosis  (Figure  7).  This  finding  is  novel  and  significant  because 
HER2  mediated  negative  regulation  of  PUMA  is  direct  and 
distinctly  different  than  previously  reported  mechanisms  by  which 
HER2  can  indirectly  antagonize  apoptosis.  Furthermore,  PUMA 
was  recently  shown  to  be  required  for  HER2  inactivation  induced 
apoptosis  [36]  and  our  data  suggest  a  direct  method  whereby 
HER2  downregulates  PUMA  protein  levels.  Overexpression  of 
HER2  occurs  in  15  20%  of  breast  cancers  and  is  a  marker  for 
poor  patient  outcome  [2  4].  HER2  promotes  several  character 
istics  common  to  cancer  cells  including  activation  of  downstream 
signaling,  especially  PI3K  AKT  and  MAPK  pathways,  promotion 
of  cell  division,  inhibition  of  apoptosis,  and  promotion  cell  motility 
among  others  [4] .  HER2  regulation  of  apoptosis  can  be  mediated 
by  indirect  upregulation  of  anti  apoptotic  proteins  such  as  Bel  2 
and  Bel  xF  [7,1 1].  Also,  HER2  mediated  activation  of  AKT  leads 
to  phosphorylation  and  down  regulation  of  Bad,  another  pro 
apoptotic  BH3  only  protein  [10].  In  addition,  our  lab  recently 
found  that  EGFR,  another  ErbB  family  member,  could  physically 
interact  with  PUMA,  which  prevented  PUMA  localization  to  the 
mitochondria  and  suppressed  apoptosis  [26].  These  studies  and 
the  current  data  indicate  that  ErbB  receptor  tyrosine  kinases 
regulate  apoptosis  at  multiple  levels  including  indirect  regulation, 
via  downstream  signaling  components,  and  direct  regulation,  such 
as  post  translational  regulation  of  PUMA  by  HER2. 

The  current  study  is  the  first  evidence  that  PUMA  can  be 
phosphorylated  on  tyrosine  residues.  In  2010,  Fricker  et  al.  first 


PLOS  ONE  |  www.plosone.org 


8 


November  2013  |  Volume  8  |  Issue  11  |  e78836 


Tyrosine  Phosphorylation  of  PUMA  by  HER2 


a 


BT-474  (HER2- Amplified) 


MDA-MB-453  (HER2-  Amplified) 


Vector  WT-PUMA  TM-PUMA 

* 


Vector 


Vector  WT-PUMA  TM-PUMA 
BT-474 


Vector 


WT-PUMA 

* 


TM-PUMA 


400  n 

S1 

300  - 

Eft 

j-> 

200  - 

Q 

o 

100  - 

Vector  VT-PUMA  TM-PUMA 


BT-474 


Vector  WT  TM  PUMA 

^  ^  I  HA-PUMA 


(IB:  HA-Ab) 
(5-actin 


WT-PUMA 

* 


TM-PUMA 


60 

~  50 
S  40 
S  30 

J  20 

5  10 

o 


i 


Vector  WT-PUMA  TM-PUMA 
MDA-MB-453 


WT-PUMA 

* 


TM-PUMA 


SO 
S'  60 
I  40 
1  20  1 


l 


Vector  WT-PUMA  TM-PUMA 

j  MDA-MB-453 

Vector  WT  TM  PUMA 

HA-PUMA 
(IB:  HA-Ab) 

p-actin 


Figure  5.  TIVI  PUMA  Decreases  Clonogenic  Growth  in  HER2  Overexpressing  Cells.  BT  474  cells  (a,  c,  e)  and  MDA  MB  453  cells  (b,  d,  f)  were 
transfected  with  an  empty  vector,  WT  PUMA,  or  TM  PUMA  for  48  hrs  (e,  f).  Transfected  cells  were  then  seeded  into  6  well  plates  either  without  (a  and 
b)  or  with  soft  agarose  (c  and  d)  and  incubated  at  37°C  for  14  21  days.  Colonies  were  then  counted,  stained  with  crystal  violet  blue,  and  images  were 
taken. 
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observed  that  PUMA  protein  could  incorporate  labeled  32P 
suggesting  it  could  be  phosphorylated  [31].  Their  analysis 
indicated  it  was  primarily  serine  residues  that  were  phosphorylated 
with  serine  10  being  the  major  target.  Mutation  of  serine  10  to 
alanine  resulted  in  a  PUMA  mutant  protein  that  showed  greater 
induction  of  apoptosis  than  wild  type  PUMA,  which  was  the  result 
of  an  extended  protein  half  life  [31].  Investigators  were  not  able  to 
identify  any  kinase  that  mediated  serine  10  phosphorylation  of 
PUMA.  However,  another  group  soon  found  that  IL  3  signaling 
induced  phosphorylation  at  serine  10  and  enhanced  PUMA 
protein  degradation  [34].  These  results  ultimately  identified  IkB 
kinase  1  (IKK1)  as  the  kinase  that  directly  phosphorylates  serine 


10  of  PUMA  in  response  to  IL  3  signaling  [34].  Results  of  the 
current  study  and  these  recent  studies  indicate  phosphorylation 
and  degradation  of  PUMA  provide  cells  an  escape  from  apoptosis 
under  conditions  replete  with  growth  promoting  signals.  Future 
identification  of  other  kinases  that  phosphorylate  PUMA  will 
provide  a  greater  understanding  of  what  cellular  contexts  PUMA 
phosphorylation  may  be  important. 

PUMA  expression  enhances  apoptosis  induction  by  chemother 
apy  [21].  Chemotherapy  treatment  has  been  shown  to  induce 
PUMA  expression  in  breast  cancer  cells  [21,37,38]  and  PUMA  is 
a  primary  mediator  of  apoptosis  in  response  to  tamoxifen  in  breast 
cancer  cells  [39].  Forced  HER2  expression  in  HER2  negative  cells 
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Figure  6.  TIVI  PUMA  Induces  Apoptosis  in  HER2  Overexpressing  Cells,  a)  and  b)  BT  474  cells  were  transfected  with  an  empty  vector,  WT 
PUMA,  orTM  PUMA.  Cells  were  treated  with  heregulin  (100  ng/mL)  and  with  or  without  anisomycin  (25  ng/mL)  for  16  hrs.  Cells  were  detached  and 
incubated  with  annexin  V  FITC  and  PI  according  to  manufacturer's  instructions  followed  by  analysis  by  flow  cytometry,  c)  Graph  representing 
measurements  of  apoptosis  from  (a  and  b).  d)  BT  474  cells  were  transfected  with  an  empty  vector,  WT  PUMA,  or  TM  PUMA.  Cells  were  incubated  in 
serum  free  medium  for  16  hrs  followed  by  treatment  with  heregulin  (100  ng/mL)  for  4  hrs.  Cells  were  then  lysed  and  total  protein  was  subjected  to 
immunoblotting  with  indicated  antibodies. 
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Figure  7.  HER2  Downregulates  PUMA  by  Phosphorylation. 

HER2  phosphorylates  PUMA  on  three  tyrosine  residues  leading  to 
degradation  by  the  proteasome  reducing  apoptosis.  TM  PUMA,  which 
cannot  be  phosphorylated  by  HER2,  has  an  extended  half  life  and 
localizes  to  the  mitochondria  and  promotes  apoptosis. 
doi:1 0.1 371 /journal. pone.0078836.g007 


suppressed  apoptosis  and  induced  tamoxifen  resistance  because  of 
increased  expression  of  anti  apoptotic  proteins  such  as  Bel  2  [7]. 
Here  we  show  that  HER2  can  additionally  regulate  apoptosis  by 
phosphorylating  tyrosine  residues  on  PUMA  leading  to  its 
degradation.  HER2  mediated  down  regulation  of  PUMA  via 
phosphorylation  and  HER2  mediated  upregulation  of  anti  apo 
ptotic  Bel  2  proteins  creates  a  cellular  environment  highly  resistant 
to  apoptosis. 

We  also  observed  that  TM  PUMA,  which  is  resistant  to  HER2 
phosphorylation,  has  increased  protein  stability  and  enhanced 
induction  of  apoptosis  by  pro  apoptotic  agents  in  the  presence  of 
HER2  overexpression  compared  to  WT  PUMA.  Evidence  for  the 
benefits  of  targeting  Bel  2  family  proteins  is  accumulating  as  BH3 
only  mimicking  agents  can  promote  apoptosis  and  enhance 
apoptosis  with  chemotherapy  [40  42].  Specifically,  ABT  737 
was  recently  observed  to  sensitize  primary  breast  tumors 
overexpressing  Bel  2  to  chemotherapy  [42].  Also,  tumor  specific 
PUMA  gene  transfer  enhanced  radiosensitivity  of  breast  cancer 
cells,  although  this  result  was  in  cells  that  do  not  overexpress 
HER2  [43] .  TM  PUMA  would  likely  be  a  more  beneficial  gene 
therapy  in  HER2  overexpressing  cells  as  our  results  suggest  HER2 
overexpression  decreases  WT  PUMA  induced  apoptosis.  Togeth 
er,  these  results  indicate  that  targeting  Bel  2  family  proteins  in 
addition  to  chemotherapy  may  provide  greater  breast  cancer  cell 
death. 

Our  data,  and  others  [31,34],  indicate  that  inhibition  of  the 
proteasome  extends  the  half  life  of  PUMA  (Figure  4)  whereas 
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inhibition  of  lysosomal  proteases  has  little  effect  on  PUMA 
degradation  [33].  This  would  suggest  the  proteasome  is  the 
primary  mediator  of  PUMA  protein  degradation.  Considering  that 
our  TM  PUMA,  which  cannot  undergo  tyrosine  phosphorylation, 
is  not  degraded  by  the  proteasome  it  is  likely  that  tyrosine 
phosphorylation  allows  for  further  modifications  that  target 
PUMA  to  the  proteasome.  Given  the  nascent  understanding  of 
PUMA  post  translational  modifications,  further  investigation  is 
needed  to  elucidate  the  specific  modifications  required  to  target 
PUMA  to  the  proteasome  and  to  determine  what  enzymes  make 
these  modifications. 

To  extend  the  findings  reported  in  this  study,  there  should  be 
further  investigation  into  whether  other  tyrosine  kinases  can 
phosphorylate  PUMA  as  this  could  indicate  other  cellular  and 
disease  contexts  in  which  PUMA  phosphorylation  is  important. 
Also,  the  role  of  phosphorylation  of  each  tyrosine  residue  on 
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ORIGINAL  ARTICLE 

Akt  phosphorylates  and  activates  HSF-1  independent 
of  heat  shock,  leading  to  Slug  overexpression  and 
epithelial-mesenchymal  transition  (EMT)  of 
HER2-overexpressing  breast  cancer  cells 

RL  Carpenter1,  I  Paw1,  MW  Dewhirst2*3  and  H-W  Lo1'3 


Epithelial-mesenchymal  transition  (EMT)  is  an  essential  step  for  tumor  progression,  although  the  mechanisms  driving  EMT  are  still 
not  fully  understood.  In  an  effort  to  investigate  these  mechanisms,  we  observed  that  heregulin  (HRG) -mediated  activation  of  HER2, 
or  HER2  overexpression,  resulted  in  EMT,  which  is  accompanied  with  increased  expression  of  a  known  EMT  regulator  Slug,  but  not 
TWIST  or  Snail.  We  then  investigated  how  HER2  induced  Slug  expression  and  found,  for  the  first  time,  that  there  are  four  consensus 
HSF  sequence-binding  elements  (HSEs),  the  binding  sites  for  heat  shock  factor-1  (HSF-1),  located  in  the  Slug  promoter.  HSF-1  bound 
to  and  transactivated  the  Slug  promoter  independent  of  heat  shock,  leading  to  Slug  expression  in  breast  cancer  cells.  Mutation  of 
the  putative  HSEs  ablated  Slug  transcriptional  activation  induced  by  HRG  or  HSF-1  overexpression.  Knockdown  of  HSF-1  expression 
by  siRNA  reduced  Slug  expression  and  HRG-induced  EMT.  The  positive  association  between  HSF-1  and  Slug  was  confirmed  by 
immunohistochemical  staining  of  a  cohort  of  100  invasive  breast  carcinoma  specimens.  While  investigating  how  HER2  activated 
HSF-1  independent  of  heat  shock,  we  observed  that  HER2  activation  resulted  in  concurrent  phosphorylation  of  Akt  and  HSF-1.  We 
then  observed,  also  for  the  first  time,  that  Akt  directly  interacted  with  HSF-1  and  phosphorylated  HSF-1  at  S326.  Inhibition  of  Akt 
using  siRNA,  dominant-negative  Akt  mutant,  or  small  molecule  inhibitors  prevented  HRG-induced  HSF-1  activation  and  Slug 
expression.  Conversely,  constitutively  active  Akt  induced  HSF-1  phosphorylation  and  Slug  expression.  HSF-1  knockdown  reduced 
the  ability  of  Akt  to  induce  Slug  expression,  indicating  an  essential  role  that  HSF-1  plays  in  Akt-induced  Slug  upregulation. 
Altogether,  our  study  uncovered  the  existence  of  a  novel  Akt-HSF-1  signaling  axis  that  leads  to  Slug  upregulation  and  EMT,  and 
potentially  contributes  to  progression  of  HER2-positive  breast  cancer. 

Oncogene  advance  online  publication,  27  January  2014;  doi:10.1038/onc.201 3.582 
Keywords:  Slug;  EMT;  Akt;  HSF-1;  HER2;  phosphorylation 


INTRODUCTION 

Epithelial-mesenchymal  transition  (EMT)  is  a  cellular  process 
whereby  epithelial  cells  are  reprogrammed  to  mesenchymal  cells. 
Both  EMT  and  the  reverse  process  MET  (mesenchymal-epithelial 
transition)  are  critically  important  in  multiple  stages  of  develop¬ 
ment  in  vertebrates  and  invertebrates.1  Both  EMT  and  MET  are 
also  important  processes  in  tumor  progression  and  metastasis 
whereby  EMT  facilitates  the  migration  of  epithelial  tumor  cells 
from  the  primary  site  to  distant  locations,  whereas  MET  allows  for 
extravasation  and  subsequent  colonization  at  the  secondary  sites.2 
Direct  evidence  for  these  models  has  been  established  using 
animal  models  of  different  cancer  types,  including  breast 
cancer.3'4 

The  transcription  factor  Slug  (SNAI2)  promotes  EMT  by  binding 
to  the  E-cadherin  promoter  and  repressing  Eodherin  expression 
in  epithelial  cells,5  which  is  accompanied  by  changes  in  cell 
morphology  indicating  EMT.6  Slug  is  considered  a  marker  for 
malignancy.7  Another  member  of  the  SNAI  family.  Snail  (SNAI1), 
also  binds  to  the  E<adherin  promoter  and  represses  E<adherin 
expression  in  epithelial  cells,  leading  to  EMT.8,9  Additional  EMT 


transcription  factors  (for  example,  TWIST1,  ZEB1  and  ZEB2)  can 
also  repress  E<adherin  promoter  causing  dissolution  of  cell 
junctions,  loss  of  cell  polarity  and  enhanced  cell  migration.10'11 

HER2  is  a  member  of  the  ErbB  family  of  receptor  tyrosine 
kinases.12  HER2  is  expressed  in  15-20%  of  breast  cancers  and 
HER2-positivity  is  associated  with  poor  clinical  prognosis.13"15 
Overexpression  of  HER2  results  in  overactivation  of  several 
pathways  in  cells,  including  PI3K-Akt  and  Ras-MAPK  among 
others.  HER2  utilizes  these  pathways  to  support  tumor  growth 
by  promoting  cell  proliferation,  cell  survival,  tumor  angiogenesis 
and  metastasis.16  Overexpression  of  HER2  has  been  shown  to 
associate  with  E<adherin  downregulation.17'18  There  is  also 
clinical  evidence  indicating  that  patients  with  HER2-positive 
metastatic  breast  cancer  have  circulating  tumor  cells  that  have 
undergone  EMT.19  However,  the  mechanisms  by  which  HER2 
promotes  EMT  have  not  been  fully  elucidated  and  are  likely 
complex. 

To  provide  new  mechanistic  insights  into  the  relationship 
between  HER2  and  EMT,  we  undertook  the  current  study  using 
breast  cancer  as  the  study  model,  and  our  study  provided 
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evidence  showing  that  activation  of  HER2  induces  EMT  by 
upregulating  Slug  expression  in  the  human  breast  cancer  cells 
we  had  examined.  A  search  of  the  human  Slug  gene  promoter 
revealed  the  existence  of  several  putative  binding  sites  for  the 
transcription  factor,  heat  shock  factor- 1  (HSF-1).  HSF-1  is  classically 
activated  by  heat  stress  leading  to  the  induction  of  heat  shock 
proteins  (HSPs),  which  are  molecular  chaperones  that  permit 
repair  and  refolding  to  damaged  proteins.  HSF-1  is  constitutively 
expressed  in  most  tissues  but  activation  can  be  regulated  by 
post-translational  modification,  specifically  phosphorylation  at 
S326  upon  heat  stress.20  Active  HSF-1  trimerizes  allowing  the 
recognition  of  HSF  sequence-binding  elements  (HSEs)  and 
upregulation  of  target  genes.21  Activation  of  HSF-1  is  enhanced 
in  several  cancer  types,  which  is  associated  with  a  poor 
prognosis.22'24  Subsequently,  we  found,  for  the  first  time,  that 
HSF-1  directly  binds  to  the  Slug  promoter  to  induce  Slug 
expression  independent  of  heat  shock,  and  that  HER2-activated 
Akt  directly  phosphorylates  HSF-1  at  S326  and  activates  HSF-1 
transcriptional  activity.  Through  these  observations,  we  uncovered 
a  novel  HER2-Akt-HSF-1  signaling  axis  that  induces  Slug 
expression  and  promotes  EMT  in  breast  cancer  cells,  thereby 
shedding  new  light  on  the  molecular  basis  by  which  HER2- 
overex pressing  breast  cancer  cells  undergo  EMT  and  potentially 
subsequent  metastasis. 


RESULTS 

Heregulin  (HRG)  induces  EMT  and  Slug  expression  in 
HER2-amplified  breast  cancer  cells 

We  first  investigated  whether  HRG  induced  EMT  of  two  HER2- 
amplified  breast  cancer  cell  lines,  MDA-MB-453  and  BT-474.  Both 
cell  lines  displayed  typical  epithelial  morphology  after  serum 
starvation  overnight  (day  0)  and  underwent  changes  to  the 
mesenchymal-like  morphology  after  HRG  treatment  (Figure  la). 
To  determine  which  of  the  EMT  regulators  may  be  involved  in 
the  observed  EMT,  we  determined  levels  of  Slug,  Snail  and  TWIST 
with  HRG  stimulation  for  0-1 20  min,  and  the  results  (Figure  1b) 
showed  that  the  Slug  transcripts  were  significantly  induced  by 
HRG  in  both  cell  lines.  This  observation  was  further  confirmed  at 
the  protein  levels  using  western  blotting  (WB;  Figure  1c). 
Consistent  with  increased  expression  of  Slug,  a  transcriptional 
repressor  of  E-cadherin,5  E-cadherin  expression  level  was  reduced 
by  HRG.  In  agreement  with  observed  EMT-like  morphological 
changes  in  Figure  la,  the  mesenchymal  marker  Vimentin  was 
elevated  after  HRG  treatment  (Figure  1  c).  We  further  show  that 
levels  of  Slug  and  Vimentin  were  elevated,  whereas  E-cadherin 
expression  was  suppressed  after  prolonged  HRG  treatment 
(Figure  Id). 

Using  a  luciferase  reporter  under  the  control  of  the  human  Slug 
promoter,  we  found  the  Slug  promoter  was  significantly  activated 
by  HRG  in  all  three  breast  cancer  cell  lines  with  HER2  amplification 
(Figure  1e).  Altogether,  these  observations  indicate  that  HRG 
induces  EMT  and  Slug  expression  in  HER2-amplified  breast  cancer 
cells. 


HER2  overexpression  enhances  Slug  expression,  leading  to  EMT  in 
breast  cancer  cells 

We  next  asked  whether  HER2  overexpression  induced  EMT  using 
MCF-7  (with  normal  HER2  expression  level)  and  MCF-7/HER2 
(MCF-7  cells  stably  expressing  ectopic  HER2).  As  shown  by  reverse 
transcription  (RT)-PCR  in  Figure  2a,  forced  expression  of  HER2 
upregulated  Slug  expression  which  led  to  reduced  E-cadherin 
expression.  WB  in  Figure  2b  confirmed  the  RT-PCR  data  and  HER2 
overexpression  in  MCF-7/HER2  cells.  We  further  show  that  HER2 
overexpression  converted  the  epithelial  appearance  of  MCF-7  cells 
into  the  mesenchymal  morphology  (Figure  2c).  In  the  presence  of 
HRG,  MCF-7  cells  (with  normal  HER2  expression)  also  underwent 


EMT-like  morphological  changes  (Figure  2d).  This  observation  is 
consistent  with  the  results  in  Figure  2e  showing  that  HRG 
induced  Slug  promoter  activity  in  MCF-7  cells.  Figure  2e  also 
shows  that  HER2  transient  transfection  induced  Slug  promoter 
activation,  which  is  in  agreement  with  the  results  with  MCF-7/ 
HER2  stable  transfectant  cells.  Conversely,  we  observed  that 
Lapatinib,  a  small  molecule  HER2/EGFR  inhibitor  reduced  Slug 
expression  in  HER2-amplified  MDA-MB-453  and  SK-BR-3  cells 
(Figure  2f).  Altogether,  these  results  demonstrate  that  HER2 
overexpression  enhances  Slug  expression,  leading  to  EMT  in 
breast  cancer  cells. 

HSF-1  binds  to  and  transactivates  the  Slug  gene  promoter,  leading 
to  Slug  expression  in  breast  cancer  cells 

To  investigate  the  mechanisms  by  which  Slug  expression  is 
upregulated  by  HER2/HRG,  we  searched  the  Slug  promoter 
using  TFSearch,  a  web-based  search  engine  for  transcription 
factor  binding  sites.  Our  search  revealed  that  there  are  four 
putative  HSF-1 -binding  sites,  HSEs,  within  the  Slug  promoter 
(Figure  3a).  Of  note,  HSF-1  proteins  form  trimers  and  recognize 
three  repeats  of  HSEs,  nGAAn  or  nTTCn  (Figure  3a).21  Using 
chromatin  immunoprecipitation  (ChIP)  assay,  we  found  that  HSF-1 
bound  to  the  Slug  promoter  and  this  binding  was  enhanced  by 
HRG  (Figure  3b).  As  a  positive  control,  we  observed  HSF-1  also 
bound  to  the  Hsp70  promoter,  a  known  HSF-1  target  gene.  In  ChIP 
assay,  immunoglobulin  G  (IgG)  was  used  as  negative  controls  for 
IP,  whereas  chromatin  inputs  were  used  as  loading  controls  for 
PCR.  Using  the  luciferase  reporter  assay  and  WB,  we  found  that 
HSF-1  expression  significantly  induced  Slug  promoter  activity 
(Figure  3c)  and  expression  (Figure  3d),  respectively. 

To  determine  whether  the  putative  HSEs  are  essential  for  HSF-1- 
mediated  Slug  expression,  we  created  two  mutant  promoters, 
each  with  mutations  at  two  of  the  four  putative  sites,  in  order  to 
destroy  the  three  tandem  repeats  required  for  binding  to  HSF-1 
trimers  (Figure  3a).  The  analysis  of  the  wild-type  and  mutant  Slug 
promoter  reporters  showed  that  both  mutant  reporters  lost  the 
ability  to  respond  to  HRG  induction,  indicating  the  identified  HSEs 
are  important  for  HRG  induction  of  Slug  promoter  activation 
(Figure  3e).  Both  mutant  reporters  also  lost  substantial  respon¬ 
siveness  to  HSF-1  (Figure  3f).  Finally,  we  showed  that  levels  of 
p-HSF-1  (S326)  were  directly  associated  with  those  of  Slug  in 
invasive  breast  carcinoma  specimens  (Figure  3g;  N=  100,  R  =  0.56, 
P<  0.000001).  In  summary,  results  in  Figure  3  indicate  that  HSF-1 
transcriptionally  upregulates  Slug  gene  expression  in  breast  cancer 
cells. 

HSF-1  knockdown  prevents  HRG-induced  EMT  and  suppresses 
growth  of  breast  cancer  cells 

To  complement  the  HSF-1  upregulation  results,  we  knocked  down 
HSF-1  expression  using  siRNA  to  determine  its  impact  on  Slug 
expression  and  EMT.  Our  results  showed  that  HSF-1  siRNA  reduced 
the  expression  of  Slug  in  BT-474  cells  (Figure  4a).  The  reduction 
was  accompanied  with  increased  expression  of  E-cadherin  and 
decreased  expression  of  Vimentin.  HSF-1  expression  was  effect¬ 
ively  downregulated  by  HSF-1  siRNA.  Moreover,  HSF-1  knock¬ 
down  partially  prevented  HRG-induced  EMT  of  BT-474  cells,  as 
indicated  by  the  presence  of  both  clustered  epithelial-like  cells 
and  spindle-shaped  mesenchymal-like  cells  (Figure  4b).  Using  the 
soft  agar  colony  formation  assay,  we  further  found  that  HSF-1 
siRNA  reduced  the  propensity  of  BT-474  cells  to  grow  in  an 
anchorage-independent  manner  (Figure  4c). 

To  further  examine  whether  HSF-1  knockdown  will  promote 
MET  of  mesenchymal  post-EMT  breast  cancer  cells,  we  used  MDA- 
MB-231  cells,  a  mesenchymal  breast  cancer  cell  line.  The  results 
showed  that  HSF-1  siRNA  reduced  Slug  expression,  which  was 
accompanied  with  increased  E-cadherin  expression  and  decreased 
Vimentin  levels  (Figure  4d).  HSF-1  expression  was  effectively 
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Figure  1.  HRG  induces  EMT  and  Slug  expression  in  HER2-amplified  breast  cancer  cells,  (a)  HRG  induced  EMT  of  HER2-amplified  breast  cancer 
cells.  MDA-MB-453  and  BT-474  were  serum-starved  overnight  (day  0)  and  then  treated  with  HRG  (lOOng/ml)  for  1  or  3  days.  Cultured  cells 
were  imaged  using  a  phase-contrast  microscope.  Representative  images  are  shown,  (b)  Slug  transcripts  were  induced  by  HRG  in  HER2- 
amplified  breast  cancer  cells.  MDA-MB-453  and  BT-474  were  starved  from  serum  overnight,  treated  with  HRG  (100  ng/ml)  for  0  120  min  and 
harvested  for  total  RNA  extraction  and  RT  qPCR.  Levels  of  EMT  regulators.  Slug,  Snail  and  TWIST  were  determined.  *  indicates  P-values  <0.05. 
(c,  d)  Slug  protein  expression  was  induced  by  HRG  in  HER2-amplified  breast  cancer  cells.  MDA-MB-453  and  BT-474  were  starved  from  serum 
overnight  treated  with  HRG  (100  ng/ml)  for  0  120 min  (c)  or  for  1  3  days  (d),  and  harvested  for  protein  extraction  and  WB.  Levels  of  Slug, 
E-cadherin  (epithelial  marker)  and  Vimentin  (mesenchymal  marker)  were  analyzed,  (e)  Slug  promoter  was  significantly  activated  by  HRG  in 
breast  cancer  cells  with  HER2  amplification.  MDA-MB-453,  BT-474  and  SK-BR-3  cells  were  transfected  with  a  firefly  luciferase  reporter  under  the 
control  of  the  human  Slug  promoter,  serum-starved  for  16  h  and  treated  with  HRG  (100  ng/ml)  for  2h.  Treated  cells  were  lysed  and  subjected 
to  luciferase  assay.  All  cells  were  cotransfected  with  the  Renilla  luciferase  expression  vector,  pRL-CMV,  to  control  for  transfection  efficiency.  The 
results  were  derived  from  at  least  three  experiments.  Student's  f-test  was  conducted  to  compute  P-values.  *  indicates  P-values  <0.05. 


downregulated  by  HSF-1  siRNA.  However,  morphological  exam¬ 
ination  of  these  cells  indicated  modest  changes  indicative  of  MET 
(Figure  4e),  which  is  likely  due  to  the  observation  that  knockdown 
of  HSF-1  in  MDA-MB-231  cells  reduced  cell  viability.  This 
speculation  was  consistent  with  the  results  of  the  soft  agar  colony 
formation  assay,  in  which  we  found  that  HSF-1  siRNA  significantly 
compromised  the  ability  of  MDA-MB-231  cells  to  colonize  in  an 
anchorage-independent  manner  (Figure  4f).  Results  presented  in 
Figure  4  demonstrate  that  HSF-1  knockdown  prevents  HRG- 
induced  EMT  and  suppresses  anchorage-independent  growth  of 
breast  cancer  cells. 


Concurrent  activation  of  Akt  and  HSF-1  by  HRG/HER2  in  breast 
cancer  cells 

We  further  investigated  the  relationship  between  HRG/HER2  and 
HSF-1.  It  is  known  that  activated  HER2  leads  to  activation  of  a 
number  of  downstream  signaling  molecules,  such  as  PI3K/Akt, 
p38,  ERK,  JNK  and  mTOR.  Thus,  we  asked  which  of  the  HER2 
downstream  signaling  molecule(s)  are  activated  by  HRG  in 
concordance  with  HSF-1  activation.  Our  results  indicated  that 
HRG  induced  HSF-1  phosphorylation  in  both  HER2-amplified 
breast  cancer  cell  lines,  MDA-MB-453  and  BT-474.  HSF-1  phos¬ 
phorylation  at  S326  has  been  shown  to  activate  HSF-1 
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Figure  2.  HER2  overexpression  enhances  Slug  expression,  leading  to  EMT  in  breast  cancer  cells,  (a,  b)  Ectopic  HER2  expression  induced  Slug 
expression  in  breast  cancer  cells.  MCF-7  (with  normal  HER2  expression  level)  and  MCF-7/HER2  (MCF-7  cells  stably  expressing  ectopic  HER2) 
were  analyzed  for  Slug  and  E-cadherin  expression  using  (a)  RT  PCR  and  (b)  WB.  Enhanced  HER2  expression  in  MCF-7/HER2  cells  is  indicated  by 
WB.  (c,  d)  Ectopic  HER2  expression  induced  EMT-like  morphology  changes  in  breast  cancer  cells,  (c)  Both  cell  lines  were  cultured  in  normal 
growth  condition  with  fetal  calf  serum,  (d)  Cells  were  serum-starved  and  treated  with  HRG  (100  ng/ml)  for  0  3  days.  Representative  images  are 
shown,  (e)  Ectopic  HER2  expression  induced  Slug  promoter  activity  in  breast  cancer  cells.  MCF-7  cells  (with  normal  HER2  levels)  were 
transiently  transfected  with  HER2  and  the  Slug  luciferase  reporter,  serum-starved,  and  then  stimulated  with  HRG  (100  ng/ml)  for  2h.  All  cells 
were  cotransfected  with  the  Renilla  luciferase  expression  vector,  pRL-CMV,  to  control  for  transfection  efficiency.  The  results  were  derived  from 
at  least  three  experiments,  and  analyzed  by  Student's  f-test  to  compute  P-values.  *P-values  <0.05.  (f)  Lapatinib,  a  small  molecule  HER2/EGFR 
inhibitor  reduced  Slug  expression  in  HER2 -amplified  MDA-MB-453  and  SK-BR-3  cells.  Cells  were  pretreated  with  lapatinib  (5|im)  for  24  h  and 
subjected  to  total  RNA  extraction  and  RT  PCR  for  Slug  transcript  levels. 


transcriptional  activity.20  As  shown  in  Figure  5a,  HSF-1  phos¬ 
phorylation  status  is  in  concordance  with  Akt  phosphorylation,  but 
not  with  the  other  kinases  we  examined.  As  expected.  Slug 
expression  was  enhanced  by  HRG  in  both  the  cell  lines. 

To  confirm  the  results  with  concurrent  activation  of  HSF-1  and 
Akt  we  treated  the  two  cell  lines  with  HRG  for  0-240  min  and 
determined  levels  of  p-HSF-1  (S326)  and  p-Akt  (S473).  The  results 
showed  that  the  kinetics  for  HSF-1  activation  is  in  concordance 
with  that  for  Akt  (Figure  5b).  Using  MCF-7  and  MCF-7/HER2  cell 
lines,  we  further  observed  that  ectopic  HER2  expression  led  to 


increased  activation  of  both  HSF-1  and  Akt  in  the  cells  (Figure  5c). 
Results  in  Figure  5  indicate,  for  the  first  time,  that  HSF-1  and  Akt 
are  concurrently  activated  by  HRG/HER2  in  breast  cancer  cells. 

Akt  directly  interacts  with  and  phosphorylates  HSF-1  at  S326 
In  light  of  the  observation  with  concurrent  activation  of  Akt  and 
HSF-1,  we  asked  whether  these  two  proteins  physically  associated. 
Using  IP  followed  by  WB,  we  found  that  Akt  constitutively 
interacted  with  HSF-1  independent  of  HRG  treatment  (Figure  6a). 
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Figure  3.  HSF-1  binds  to  and  transactivates  the  Slug  gene  promoter,  leading  to  Slug  expression  in  breast  cancer  cells,  (a)  Identification  of  four 
putative  HSEs  within  the  human  Slug  gene  promoter.  TFSearch,  a  web-based  search  engine  for  transcription  factor  binding  sites,  was  used  to 
search  for  HSEs  within  the  Slug  promoter.  Consensus  HSEs  are  shown  on  the  top.  Structures  of  the  wildtype  Slug  promoter  reporter  and  two 
mutant  reporters  are  shown.  Each  of  the  two  mutant  promoters  contain  mutations  at  two  of  the  four  putative  sites,  to  destroy  the  three 
repeats  required  for  binding  to  HSF-1  trimers.  Clear  boxes  mark  the  putative  HSEs.  Lower  case  letters  indicate  mutated  bases,  (b)  HSF-1  binds 
to  the  Slug  promoter  and  the  binding  was  enhanced  by  HRG.  Serum-starved  BT-474  cells  treated  with  and  without  HRG  (lOOng/ml)  were  used 
in  the  ChIP  assay.  HSF-1  antibody  (Ab)  was  used  to  immunoprecipitate  HSF-1,  whereas  IgG  served  as  the  negative  controls.  Chromatin  input 
was  used  to  control  for  loading.  PCR  was  conducted  to  detect  HSF-1  binding  to  Slug  promoter  and  a  known  HSF-1  target  gene,  Hsp70. 
(c)  Ectopic  HSF-1  expression  significantly  induced  Slug  promoter  activity.  Cells  were  transfected  with  the  control  vector  or  the  HSF-1  vector, 
and  the  Slug  luciferase  reporter  for  48  h  and  subjected  to  luciferase  assay.  All  cells  were  cotransfected  with  the  Renilla  luciferase  expression 
vector,  pRL-CMV,  to  control  for  transfection  efficiency.  The  results  represent  means  and  s.d  from  at  least  three  experiments,  and  were  analyzed 
by  Student's  f-test  to  compute  P-values.  *P-v alues  <0.05.  (d)  Ectopic  HSF-1  expression  enhanced  Slug  expression.  BT-474  and  MDA-MB-453 
cells  transfected  with  the  control  vector  or  the  HSF-1  vector  were  analyzed  by  WB  to  determine  Slug  and  HSF-1  expression  levels, 
(e,  f)  Identified  HSEs  are  important  for  HRG-  and  HSF-1 -mediated  induction  of  Slug  promoter  activation.  MDA-MB-453  cells  transfected  with 
the  wild-type  and  mutant  slug  reporters  were  serum-starved  and  treated  with  HRG  for  2h,  and  then  subjected  to  luciferase  assay.  All  cells 
were  cotransfected  with  the  Renilla  luciferase  reporter,  pRL-CMV,  to  control  for  transfection  efficiency.  The  results  were  derived  from  at  least 
three  experiments,  and  analyzed  by  Student's  t- test  to  compute  P-values.  *P-values  <0.05.  (g)  Levels  of  p-HSF-1  (S326)  were  directly 
associated  with  those  of  Slug  in  invasive  breast  carcinoma  specimens,  immunohistochemistry  was  conducted  to  analyze  100  invasive 
carcinomas.  Linear  regression  was  used  to  compute  R  and  P  values  (P  0.56,  P<0.000001).  Right  representative  images. 
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Figure  4.  HSF-1  expression  knockdown  prevents  HRG-induced  EMT  and  suppresses  growth  of  breast  cancer  cells,  (a)  HSF-1  siRNA  reduced 
expression  of  Slug  in  epithelial  BT-474  cells.  BT-474  cells  transfected  with  non-specific  (NS)  siRNA  or  Slug  siRNA  were  analyzed  by  WB.  (b)  HSF- 
1  knockdown  has  in  part  prevented  HRG-induced  EMT.  BT-474  cells  transfected  NS  siRNA  or  Slug  siRNA  were  serum-starved  and  treated  with 
HRG  (lOOng/ml)  for  0  3  days.  Representative  images  are  shown,  (c)  HSF-1  siRNA  reduced  the  propensity  of  BT-474  cells  to  grow  in  an 
anchorage-independent  manner.  BT-474  cells  transfected  NS  siRNA  or  Slug  siRNA  were  seeded  into  6-well  culture  plates  with  agarose  (2000 
cells/well).  After  colonies  were  formed  to  the  appropriate  size,  colonies  were  counted  under  a  microscope.  Data  represent  means  and  s.d.  of 
three  independent  experiments.  Student's  f-test  was  performed  to  calculate  P-values.  *P-values  <0.05.  (d)  HSF-1  siRNA  reduced  Slug 
expression  in  mesenchymal  MDA-MB-231  cells.  MDA-MB-231  cells  transfected  with  NS  siRNA  or  Slug  siRNA  were  examined  by  WB.  (e)  HSF-1 
knockdown  resulted  in  modest  MET  of  mesenchymal,  post-EMT  MDA-MB-231  cells,  but  induced  significant  cell  death.  MDA-MB-231  cells 
transfected  NS  siRNA  or  Slug  siRNA  imaged  for  0  4  days  post  transfection.  Representative  images  are  shown,  (f)  HSF-1  siRNA  reduced  the 
ability  of  MDA-MB-231  cells  to  grow  in  an  anchorage-independent  manner.  MDA-MB-231  cells  transfected  NS  siRNA  or  Slug  siRNA  were 
seeded  into  six-well  culture  plates  with  agarose  (2000  cells/well).  After  colonies  have  formed  to  the  appropriate  size,  colonies  were  counted. 
Results  represent  means  and  s.d.  of  three  independent  experiments,  and  were  analyzed  by  Student's  t-test.  *P-values  <0.05. 


Recombinant  Akt  directly  interacted  with  recombinant  HSF-1 
(Figure  6b).  Next  we  investigated  whether  the  Akt-HSF-1 
interaction  resulted  in  HSF-1  phosphorylation.  Using  the  cell-free 
Akt  kinase  assay  followed  by  WB,  we  showed  that  recombinant 
Akt  directly  phosphorylated  recombinant  GST-HSF-1  protein  at 
S326  (Figure  6c).  The  same  assay  further  showed  that  GST-HSF-1 


protein  was  phosphorylated  by  Akt  in  time-  and  dose-dependent 
manners  (Figures  6d-f). 

We  further  investigated  whether  HSF-1  immuno precipitated 
from  MCF-7  cells  was  phosphorylated  by  recombinant  Akt,  and 
the  results  indicated  that  cellular  HSF-1  was  directly  phosphory¬ 
lated  by  Akt  at  S326  (Figure  6g).  In  agreement  with  these 
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Figure  5.  Concurrent  activation  of  Akt  and  HSF-1  by  HRG/HER2  in  breast  cancer  cells,  (a)  HRG  induced  phosphorylation  of  both  HSF-1  and  Akt 
in  HER2-amplified  breast  cancer  cell  lines.  MDA-MB-453  and  BT-474  cells  were  treated  with  and  without  HRG  (100  ng/ml)  for  2  h  and  the  whole 
cell  lysates  were  analyzed  by  WB  for  levels  of  HER2  downstream  kinases  and  Slug,  (b)  Kinetics  for  HSF-1  activation  was  in  concordance  with 
that  for  Akt.  The  two  cell  lines  were  treated  with  HRG  for  0  240 min  and  the  whole  cell  lysates  were  analyzed  by  WB  to  determine  levels  of 
p-HSF-1  (S326)  and  p-Akt  (S473).  (c)  Ectopic  HER2  expression  led  to  increased  activation  of  both  HSF-1  and  Akt.  MCF-7  and  MCF-7/HER2  cell 
lines  were  examined  using  WB. 
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observations,  we  found  that  ectopic  expression  of  CA-Akt 
significantly  enhanced  HSF-1  phosphorylation  in  MCF-7  cells 
(Figure  6h).  Conversely,  ectopic  expression  of  dominant-negative 
Akt  (DN-Akt)  substantially  reduced  HSF-1  phosphorylation  in  MCF- 
7/HER2  and  BT-474  cells  (Figure  6h).  Altogether,  these  results 
demonstrate,  for  the  first  time,  that  Akt  directly  interacts  with 
HSF-1  and  phosphorylates  HSF-1  at  S326. 


Slug  expression  is  suppressed  by  blocking  the  HER2-Akt-HSF-1 
signaling  axis;  HSF-1  is  essential  for  Akt-induced  Slug  expression 

We  further  investigated  the  link  between  Slug  and  the  HER2-Akt- 
HSF-1  signaling  axis.  We  observed  that  small  molecule  inhibitors 
to  PI3K  (LY294002,  LY)  and  HER2  (lapatinib,  Lap)  suppressed  Slug 


protein  and  transcription  expression  in  BT-474  cells,  as  shown  in 
Figures  7a  and  b  respectively.  Both  LY294002  and  lapatinib 
effectively  inhibited  phosphorylation  of  Akt  and  HSF-1  (Figure  7a), 
which  is  consistent  with  our  earlier  observation  that  Akt 
phosphorylates  HSF-1.  As  positive  controls  for  HSF-1  activity,  we 
found  that  expression  of  Hsp70,  a  known  HSF-1  target  gene,  was 
reduced  in  cells  with  lower  levels  of  p-HSF-1  (Figure  7a).  Using  Slug 
promoter  luciferase  reporter  assay,  we  further  found  that  both 
LY294002  and  Lapatinib  blocked  HRG  induction  of  Slug  promoter 
activity  (Figure  7c). 

HSF-1  and  Akt  siRNAs  reduced  Slug  protein  expression  in 
BT-474  cells  (Figure  7d).  Consistent  with  this  observation,  HSF-1 
and  Akt  siRNAs  prevented  HRG-induced  activation  of  Slug 
promoter  in  BT-474  cells  (Figure  7e).  Ectopic  expression  of  DN- 
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Figure  6.  Akt  directly  interacts  with  and  phosphorylates  HSF-1  at  S326.  (a)  Akt  interacts  with  HSF-1  constitutively,  independent  of  HRG 
treatment.  IP  WB  were  conducted  using  whole  cell  lysates  extracted  from  BT-474  cells  treated  with  and  without  HRG.  An  Akt  Ab  was 
used  to  immuno precipitate  Akt,  whereas  IgG  was  used  as  negative  controls.  WB  results  are  shown  in  the  right  panel,  (b)  Recombinant  Akt 
directly  interacts  with  recombinant  HSF-1.  IP-WB  was  conducted,  (c)  Recombinant  Akt  directly  phosphorylated  recombinant  HSF-1  protein  at 
S326.  Cell-free  Akt  kinase  assay  was  conducted  followed  by  WB.  (d,  e)  HSF-1  protein  was  phosphorylated  by  Akt  in  a  time-dependent  manner, 
(f)  HSF-1  protein  was  phosphorylated  by  Akt  in  a  dose-dependent  manner,  (g)  Cellular  HSF-1  was  directly  phosphorylated  by  Akt  at  S326. 
HSF-1  immunoprecipitated  from  MCF-7  cells  was  subjected  to  the  cell-free  Akt  kinase  assay  followed  by  WB.  (h)  Ectopic  expression  of 
constitutively  activated  Akt  (CA-Akt)  significantly  enhanced  HSF-1  phosphorylation,  whereas  ectopic  expression  of  DN-Akt  substantially 
reduced  HSF-1  phosphorylation.  Transfected  cells  were  lysed  and  subjected  to  WB. 


Akt  blocked  HRG-induced  Slug  protein  expression  and  HSF-1 
activation  (Figure  7f).  Both  Akt  siRNA  and  DN-Akt  inhibited  Slug 
transcription  in  BT-474  cells  (Figure  7g).  DN-Akt  reduced  activity  of 
the  Slug  promoter  in  MCF-7/HER2  cells,  whereas  constitutively 
activated  Akt  (CA-Akt)  enhanced  its  activity  in  MCF-7  cells 


(Figure  7h).  Finally,  we  observed  that  HSF-1  siRNA  significantly 
reduced  the  ability  of  CA-Akt  to  induce  Slug  promoter  activity 
(Figure  7i;  left  panel)  and  Slug  protein  expression  (right  panel), 
indicating  that  HSF-1  has  an  essential  role  in  Akt-induced  Slug 
expression.  Altogether,  results  presented  in  Figure  7  indicate  that 
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Figure  7.  Slug  expression  is  suppressed  by  blocking  the  HER2-Akt-HSF-1  signaling  axis;  HSF-1  is  essential  for  Akt-induced  Slug  expression.  In 
luciferase  assays  (b,  d  and  e),  three  independent  experiments  were  performed  to  derive  means  and  s.d.  All  cells  were  cotransfected  with  the 
Renilla  luciferase  reporter,  pRL-CMV,  to  control  for  transfection  efficiency.  The  results  were  analyzed  by  Student's  t- test  to  compute  P-values. 
*P-values  <0.05.  (a,  b)  Small  molecule  inhibitors  to  PI3K/Akt  (LY294002;  LY;  50[im)  and  HER2  (Lapatinib;  Lap;  25 pm)  pretreatment  for  1  2h 
suppressed  HRG-induced  Slug  expression  in  BT-474  cells.  In  panel  (a),  WB  was  conducted.  Hsp70  served  as  positive  controls  for  HSF-1  activity. 
HRG  exposure  was  for  1  h  at  lOOng/ml.  In  panel  (b),  total  RNA  was  analyzed  by  RT  PCR.  Veh,  vehicle  (1%  DMSO).  (c)  Both  LY294002  and 
Lapatinib  blocked  HRG  induction  of  Slug  promoter  activity.  BT-474  cells  transfected  with  the  Slug  luciferase  reporter  were  serum -starved, 
treated  with  vehicle  or  indicated  inhibitor  (50|im  LY294002  or  25  pM  Lapatinib)  for  2h,  and  then  treated  with  and  without  HRG  for  4h. 
Harvested  cells  were  lysed  and  subjected  to  luciferase  assay,  (d)  HSF-1  and  Akt  siRNAs  reduced  Slug  expression  in  BT-474  cells,  as  shown  by 
WB.  (e)  HSF-1  and  Akt  siRNAs  prevented  HRG-induced  activation  of  Slug  promoter  in  BT-474  cells.  BT-474  cells  cotransfected  with  siRNA  and 
the  Slug  luciferase  reporter  were  serum-starved  and  treated  with  HRG  for  4  h,  and  then  subjected  to  luciferase  assay,  (f )  DN-Akt  blocked  HRG- 
induced  Slug  expression  and  HSF-1  activation  in  MCF-7/HER2  cells,  as  shown  by  WB.  (g)  Akt  siRNA  and  DN-Akt  inhibited  Slug  transcription  in 
BT-474  cells  as  shown  by  RT  PCR.  (h)  DN-Akt  reduced  activity  of  the  Slug  promoter  in  MCF-7/HER2  cells,  whereas  CA-Akt  enhanced  its  activity 
in  MCF-7  cells.  Luciferase  assay  was  conducted  to  measure  Slug  promoter  activity.  (1)  HSF-1  is  essential  for  CA -Akt-induced  Slug  expression. 
MCF-7  cells  were  used.  Left,  luciferase  assay.  Right,  WB. 
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a  novel  HER2-Akt-HSF-1  signaling  axis  positively  regulates 
expression  of  the  EMT-promoting  transcription  factor  Slug,  and 
that  HSF-1  plays  an  essential  role  in  Akt-induced  Slug  expression. 


DISCUSSION 

Slug  participates  in  several  physiological  and  pathological 
processes  from  development  to  re-epithelialization  during  wound 
healing,  and  to  EMT  and  tumor  progression.7  However,  the 
regulation  of  Slug  expression  is  still  not  well  understood.  In  this 
study,  we  provide  evidence  uncovering  a  novel  HER2-Akt-HSF-1 
signaling  axis  that  acts  to  promote  Slug  expression  and  EMT 
whereby  HSF-1  directly  binds  to  the  Slug  promoter  to  induce 
transcription. 

Our  results  indicate  HSF-1  directly  upregulates  Slug  transcrip¬ 
tion  to  promote  EMT.  This  novel  observation  is  in  agreement  with 
a  recent  study  suggesting  an  association  between  HSF-1  and 
Slug  expression  as  HER2*  HSF-1  +/+  mice  showed  greater  Slug 
expression  in  mammary  tumors  than  HER2 +  HSF-1  4 1  mice, 
which  was  also  accompanied  with  reduced  E-cadherin.25  We 
further  confirmed  this  in  vitro  observation  in  vivo  as  we  found  a 
strong  correlation  between  active  HSF-1  and  Slug  expression  in  a 
sample  of  100  invasive  breast  carcinoma  specimens.  These 
experimental  findings  led  us  to  propose  a  model  whereby 
overexpression  of  HER2  activates  the  PI3K-Akt  pathway,  which 
leads  to  HSF-1  activation/phosphorylation  that  upregulates  Slug 
expression  and  promotes  EMT  of  breast  cancer  cells. 

Our  results  demonstrated  that  HER2-induced  Akt  activation 
leads  to  Akt  phosphorylation  of  HSF-1  at  S326,  which  results  in 
enhanced  HSF-1  transcriptional  activity.  Interestingly,  HRG  has 
been  shown  to  upregulate  expression  of  HSF-1,26  although  the 
underlying  mechanisms  are  still  unclear.  It  has  also  been  observed 
that  activation  of  HER2  can  upregulate  HSF-1  expression  whereas 
loss  of  HSF-1  reduces  HER2-driven  tumoiigenesis.26,27  On  the  basis 
of  these  observations,  the  relationship  between  HER2  and  HSF-1 
appears  to  be  complex  warranting  further  investigations. 

Our  discovery  of  HSF-1  being  a  target  of  Akt  is  an  important 
finding.  Akt  is  frequently  dysregulated  in  human  cancers  and  is 
consequently  an  important  target  for  cancer  therapeutics. 
Although  Akt-targeted  therapy  has  shown  promising  clinical 
results,  identification  of  new  Akt  downstream  effectors  will  help 
us  develop  new  biomarkers  for  the  aberrant  Akt  pathway  and 
potentially,  novel  drug  targets  for  tumors  with  hyperactive  Akt 
signaling.  In  light  of  these  notions,  the  HSF-1  pathway  could  serve 
as  a  new  biomarker  and  a  novel  therapeutic  target  for  human 
cancers  with  high  Akt  activity,  such  as,  those  with  PTEN  loss, 
constitutively  activated  PI3K,  or  with  overexpression  of  receptor 
tyrosine  kinases,  HER2  and  EGFR. 

In  addition  to  Akt,  several  other  Ser/Thr  kinases  have  been  shown 
to  phosphorylate  HSF-1  to  regulate  HSF-1  transcriptional  activity, 
stability  and  intracellular  trafficking  28  Phosphorylation  of  HSF-1  at 
S326  was  reported  to  be  a  key  step  in  the  ability  of  HSF-1  to 
regulate  gene  expression  in  response  to  heat  stress.  However,  to 
date,  little  evidence  has  been  provided  as  to  what  kinases  mediate 
phosphorylation  at  S326.  In  this  study,  we  provide  conclusive 
evidence  demonstrating  that  Akt  can  directly  phosphorylate  HSF-1 
on  S326.  Interestingly,  it  was  recently  reported  that  mTOR  could 
phosphorylate  HSF-1  on  S326  in  HeLa  cells  under  proteotoxic 
stress.29  However,  it  is  worth  noting  that  we  did  not  observe 
detectable  activation  of  mTOR  in  the  context  of  HER2  activation  in 
the  breast  cancer  cells  we  examined.  Although  Akt  has  been  shown 
to  activate  mTOR,30  we  did  not  observe  substantial  involvement  of 
mTOR  in  the  Akt-HSF-1 -Slug-mediated  promotion  of  EMT  in  the 
HER2-amplified  breast  cancer  cells  that  we  have  examined.  These 
differences  could  be  explained  by  several  potential  mechanisms. 
First,  mTOR-induced  phosphorylation  of  HSF-1  may  require  mTOR 
activation  from  increased  cell  stress  via  heat  stress  or  exposure  to 
noxious  substances  as  was  observed  in  a  previous  study.29  Second, 


Akt  may  act  as  the  predominant  regulator  of  HSF-1  over  mTOR  in 
cancer  cells  with  HER2  amplification,  as  suggested  by  the  data 
presented  in  this  study.  Third,  the  choice  of  Akt  or  mTOR  for  HSF-1 
S326  phosphorylation  may  differ  in  a  cancer-  and/or  cell-type 
dependent  manner.  Finally,  it  is  likely  that  HSF-1  S326  residue  can 
be  targeted  by  other  Ser/Thr  kinases  besides  Akt  and  mTOR,  which 
may  influence  the  accessibility  of  HSF-1  by  Akt  and/or  mTOR. 

Our  results  showed  the  transcriptional  activity  of  HSF-1  can  be 
activated  by  the  HER2-Akt  signaling  axis  independent  of  heat  shock. 
This  is  in  agreement  with  emerging  evidence  suggesting  that  HSF-1 
can  induce  a  transcriptional  program  independent  of  the  heat 
shock  program.23  Importantly,  our  results  further  linked  HSF-1  to 
EMT,  independent  of  heat  shock,  which  is  clearly  a  novel,  important 
observation.  This  observation  plus  previous  reports  showing  that 
HSF-1  promotes  cell  cycle  progression  and  antagonizes  apoptosis  23 
together,  could  help  define  HSF-1  as  a  mediator  of  aggressive  tumor 
phenotypes.  These  observations  also  raise  the  possibility  that  HSF-1 
may  have  wide-ranging  oncogenic  functions,  thus  warranting  future 
in-depth  investigations.  In  support  of  this  possibility,  our  data 
suggest  that  HSF-1  may  support  HER2-mediated  breast  cancer  cell 
growth  (Figures  4c  and  f).  This  interesting  observation  is  in 
accordance  with  several  earlier  studies.25,27'3^  We  speculate  that 
the  effects  of  HSF-1  on  tumor  growth  and  progression  are  likely  due 
to  a  combination  of  the  effects  of  HSF-1  on  the  induction  of  the 
heat  shock  program,22  the  induction  of  genes  unrelated  to  heat 
shock  that  support  malignant  growth23  and  the  promotion  of  EMT 
as  indicated  by  our  results,  all  three  of  which  can  support  cell 
survival  and  resistance  to  therapy. 

In  summary,  our  study  uncovered  a  novel  role  for  HSF-1  in 
promoting  EMT  via  direct  upregulation  of  Slug  in  HER2-amplified 
breast  cancer  cells  independent  of  heat  shock.  Our  data  also 
revealed,  for  the  first  time,  that  Akt  can  directly  phosphorylate  and 
activate  HSF-1  to  induce  the  expression  of  Slug.  Understanding 
other  post-translational  modifications  of  HSF-1,  along  with 
which  proteins  mediate  those  modifications,  and  what  role  they 
have  in  tumor  progression,  will  further  elucidate  the  role  that 
HSF-1  plays  in  the  progression  of  cancer.  It  is  becoming 
increasingly  apparent  that  HSF-1  can  regulate  a  vast  array  of 
genes  outside  of  the  heat  shock  program.  Identification  and 
functional  investigations  into  these  HSF-1 -targeted  genes  and 
cellular  mechanisms  are  certainly  warranted  to  fully  understand 
the  role  of  HSF-1  in  cancer.  Investigation  into  the  impact  of 
inhibiting  HSF-1  is  also  needed.  There  are  several  compounds  that 
have  been  developed  and  observed  to  inhibit  HSF-1,  including, 
KRIBB11,32  KNK43  733  and  triptolide.34  However,  the  potential 
therapeutic  impact  of  these  compounds  in  HER2-positive  breast 
cancer  models  is  largely  unknown.  Thus,  there  is  much  left  to 
understand  regarding  the  role  of  HSF-1  in  cancer  as  evidence 
continues  to  suggest  that  HSF-1  has  a  much  broader  biological 
function  than  mediating  the  cellular  heat  shock  response. 


MATERIALS  AND  METHODS 

Reagents,  cell  lines  and  primary  specimens 

All  chemicals  were  purchased  from  Sigma  (St  Louis,  MO,  USA)  unless 
otherwise  stated.  All  human  breast  cancer  cell  lines  used  in  this  study  were 
obtained  from  ATCC  (Manassas,  VA,  USA),  and  maintained  according  to 
ATCC's  instructions.  Tissue  microarray  slides  (BC081116)  were  purchased 
from  US  Biomax  (Rockville,  MD,  USA)  that  contained  100  invasive  breast 
carcinomas.  MCF  7/HER2  stable  transfectant  cell  line  was  a  generous  gift 
from  Dr  Mien  Chie  Hung  at  MD  Anderson  Cancer  Center  and  was 
maintained  in  MEM  medium  supplemented  with  10%  FBS,  1  mM  sodium 
pyruvate,  0.1  mM  non  essential  amino  acids,  lOpg/ml  bovine  insulin  and 
350pg/ml  G41 8.  All  siRNAs  were  ordered  from  Bioneer  (Alameda,  CA,  USA). 
The  siRNA  sequences  are  5'  CCUACGCCACCACUUUCGU(dTdT)  3'  (nonspe 
cific  control),  5'  GACAACCGCC AUCCAGACU (dTdT)  3 '  (Akt)  and  5'  GAGAU 
CUAUAAACAGACAG(dTdT)  3'  (HSF  1).  Lapatinib  was  purchased  from  LC 
Laboratories  (Woburn,  MA,  USA).  LY294002  was  obtained  from  Cayman 
Chemical  (Ann  Arbor,  Ml,  USA). 
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RT-PCR  and  qPCR 

Total  RNA  isolation  and  RT  were  conducted  using  SV  Total  RNA  Isolation 
System  (Promega,  Madison,  Wl,  USA)  and  Superscript  II  First  Strand 
cDNA  synthesis  system  (Invitrogen,  Grand  Island,  NY,  USA),  retrospectively. 
The  forward  and  reverse  primers  used  for  regular  PCR  were:  5' 
TG  AT  GA  AG  AGG  AA  AG  ACT  ACAG  3'  and  5'  GCT  CACAT ATTCCTT  GTCACA 
G  3'  (Slug),  5'  G GAG T CCGCAGT CTTACG AG  3'  and  5'  TCTGGAGGACCTG 
GTAGAGG  3'  (TWIST),  5'  CGAAAGGCCTTCAACTGCAAA  3'  and  5'  ACTG 
GTACTTCTTGACATCTG  3'  (Snail),  5'  GTCCTGGGCAGAGTGAATTTT  3'  and 
5'  ATT CAGC GT GACTTT GGT GG A  3'  (E  cadherin),  5'  ACCAACGAGAAGGTGGA 
GCTG  3'  and  S'  T CGTT GGTTAGCTGGT CCACC  3'  (Vimentin),  and  5'  GGCGG 
CACCACCATGTACCC  3’  and  5'  AGGG  GCCGG  ACT  CGTCAT  ACT  3'  (p  act  in). 
Primers  used  in  qPCR  included  5'  T CGG ACCCACACATT ACCTT  3'  and  S'  TG 
ACCTGTCTGCAAATGCTC  3'  (Slug),  5'  CTCAGCT ACGCCTT CT CG  3'  and  S'  AC 
TGTCCATTTTCTCCTTCTCTG  3'  (TWIST),  5'  GGAAGCCTAACTACAGCGAG  3' 
and  5'  CAG AGT CCCAG AT G AGCATT G  3'  (Snail),  and  5'  ACCCCTG AAGT AC 
CCCAT  3'  and  5'  CCACACGCAGCT GATTGT  3'  (p  actin).  In  qPCR,  p  actin 
gene  was  used  as  normalization  controls  and  all  experiments  were  carried 
out  in  triplicates.  qPCR  master  mix  was  purchased  from  Apex  Bioresearch 
Products. 


Western  Blotting  (WB)  and  immunoprecipitation  (IP) 

This  was  performed  as  described  previously.3536  Antibodies  used  in  WB 
included  mouse  monoclonal  antibodies  against  p  actin  (Sigma),  o i  tubulin 
(Sigma),  E  cadherin  (610404,  BD,  Franklin  Lakes,  NJ,  USA),  p  HSF  1/S326 
(ab76076,  Epitomics/Abcam,  Cambridge,  MA,  USA),  p  JNK/S63/73  (sc  6254, 
Santa  Cruz,  Biotech.,  Santa  Cruz,  CA  USA),  and  rabbit  antibodies  against 
Slug  (AP2053a,  Abgent,  Atlanta,  GA,  USA),  HSF  1  (4356,  Cell  Signaling, 
Danvers,  MA,  USA),  Hsp70  (4876,  Cell  Signaling),  p38  (9212,  Cell  Signaling), 
p  p38/T180/Y1 82  (4511,  Cell  Signaling),  pERK/T202/Y204  (9109,  Cell 
Signaling),  Akt/pan  (4691,  Cell  Signaling),  p  Akt/S473  (4060,  Cell 
Signaling),  mTOR  (2983,  Cell  Signaling),  p  mTOR/52448  (5536,  Cell 
Signaling),  JNK  (sc  571,  Santa  Cruz),  HER2  (2165,  Cell  Signaling),  p  HER2/ 
Y1278  (2247,  Cell  Signaling).  Rabbit  polyclonal  HSF  1  antibody  used  in  IP 
and  ChIP  assay  was  from  Cell  signaling  (4356). 
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Immunohistochemistry  (I HQ 

This  was  conducted  as  we  described  previously.42  The  slides  were 
incubated  with  p  HSF  1  (S326)  (Abeam)  and  Slug  (Abgent)  antibodies. 
Histologic  scores  (H  Scores)  were  computed  from  both  percent 
positivity  (A%,  A  1  100)  and  intensity  ( B  0  3)  using  the  equation, 
H  Score  A  x  B. 
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Determination  of  anchorage-independent  growth  by  colony 
formation  assays 

Cbnogenic  growth  assays  were  performed  in  six  well  cell  culture  plates 
with  2000  cells  per  well,  as  we  previously  described41*43  All  wells  were 
precoated  with  0.5%  agarose  at  the  bottom  layer  whereas  the  top  layer  is 
consisted  of  0.3%  agarose  and  tumor  cells.  After  6  8  weeks,  colonies  were 
stained  with  crystal  violet  blue  solution  (Sigma)  for  1  h  and  counted  under 
a  microscope.  Triplicate  wells  were  used  for  each  cell  line  and  three 
independent  experiments  were  performed. 

Akt  kinase  assay 

Recombinant  AKT  and  recombinant  HSF  1  were  purchased  from  Sigma. 
Indicated  amounts  of  recombinant  GST  HSF  1  (0.1  0.4  pg)  was  incubated 
with  or  without  0.1  pg  recombinant  AKT  for  up  to  60 min  at  37 CC  in  the 
presence  of  ATP  in  kinase  assay  buffer  (20  rim  HEPES,  10 rim  MgCI2/ 10 rim 
MnCI^ 1  rnM  DTT).  Samples  were  then  boiled  and  subjected  to  SDS  PAGE 
and  WB  with  indicated  antibodies. 


Statistical  analysis 

Student's  t  test  and  linear  regression  analysis  were  performed  using 
STATISTICA  (StatSoft  Inc.,  Tulsa,  OK,  USA)  and  Microsoft  Excel,  as  we 
previously  described ,35-42*44 
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Plasmids,  transfection  and  luciferase  assay 

CA  Akt  and  DN  Akt  constructs  were  generous  gifts  from  Dr  Mong  Hong 
Lee  at  MD  Anderson  Cancer  Center.37  The  FLAG  HSF  1  plasmid  was 
purchased  from  Addgene  (ID  32537,  Cambridge  MA,  USA),  which  was 
originally  established  by  Dr  Stuart  Calderwood.38  Slug  pGL2  luciferase 
reporter  construct  was  obtained  from  Addgene  (ID  31695),  originally 
cloned  by  Dr  Paul  Wade.39  HER2  WT  plasmid  was  obtained  from  Addgene 
(ID  16257),  which  was  generated  by  Dr  Mien  Chie  Hung.40  All  transfections 
were  performed  with  cells  in  exponential  growth  using  lipofectamine  2000 
(Invitrogen)  or  XtremeGene  HP  (Roche,  Indianapolis,  IN,  USA).  A  Renilla 
luciferase  expression  vector,  pRL  CMV  was  used  to  control  for  transfection 
efficiency.  48  hr  after  transfection,  the  cells  were  lysed  and  luciferase 
activity  was  measured  using  the  Firefly  and  Renilla  Luciferase  Assay  Kit 
(Biotium,  Hayward,  CA,  USA),  as  we  previously  described.1035*36'41  Relative 
promoter  activity  was  computed  by  normalizing  the  Firefly  luciferase 
activity  against  that  of  the  Renilla  luciferase. 

Mutagenesis 

Generation  of  mutant  Slug  promoter  reporter  vectors  was  carried  out  using 
a  QuikChange  Site  Directed  Mutagenesis  kit  (Agilent  Technologies,  Santa 
Clara,  CA,  USA)  as  per  the  manufacturer's  instructions.  Primers  used  for 
mutagenesis  were:  5'  CCTTTG TCTT CCCGCT ACCCCCT ACCTTTTTCA AAAGC  3' 
and  5'  G  CTTTT  GA  AA  A  AGG  TAGG  GGGT  AGCGG  G  AAG  ACA  AAGG  3'  (m  1 
Slug  pGL2)  and  5'  GTCTT  CCCG  CTACCCCCTT  CCTTTT  ACA  AA  AGCCA  AG  3' 
and  5'  CTTGGCTTTTGTAAAAGGAAGGGGGTAGCGGGAAGAC  3'  (m2  Slug 
pGL2)  Mutation  was  confirmed  by  sequencing. 

ChIP  Assay  to  determine  binding  of  HSF-1  to  the  Slug  gene 
promoter 

This  was  performed  using  a  ChIP  Assay  Kit  (Upstate,  Billerica,  MA  USA)  as 
we  described  previously 41  Rabbit  polyclonal  HSF  1  antibody  was  used 
(4356,  Cell  Signaling).  DNA  sequences  for  the  primers  used  to  amplify  the 
Slug  promoter  are  5'  TGGAAGTGGCATCTGGAGAG  3'  (forward)  and  5'  GC 
T  A  AC  ACGGTG  AC  ATGAGT  3'  (reverse),  and  for  the  Hsp70  promoter.  S’  CA 
CTCCCCCTTCCTCTCAG  3'  (forward)  and  5'  TTCCCTTCTGAGCCAATCAC  3' 
(reverse). 
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